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FOREWORD
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work was conducted under supervision of H.G. Popp, Manager of Materials Be-
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the Aircraft Engine Group. The final report was submitted during September,
1980.
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SUMMARY

The cyclic crack growth behavior of an advanced aircraft engine disk
alloy, AFll5, has been evaluated under a wide range of test variables in-
cluding stress ratio, temperature, frequency, and hold period. The test
conditions were selected to be representative of advanced disk applications.
An interpolative model has been developed to predict crack growth behavior
within the boundaries of the test conditions evaluated. Verification tests
were conducted to evaluate the accuracy of the model.

Prior to the primary test program, a thickness/load evaluation was con-
ducted using three thicknesses of compact tension specimens. The primary
test program consisted of cyclic crack growth rate experiments using compact
tension specimens of a single thickness. Test temperatures ranged from
538 ° C (1000 ° F) to 760 ° C (1400' F) and stress ratios (R) from 0.1 to 0.9.
Frequencies were varied between 0.025 Hz and 2.5 Hz with additional tensile
hold periods up to five minutes. A statistically designed test program,
consisting of 36 conditions, was used to systematically evaluate the test
variables. Ten additional conditions were evaluated at critical locations
in the matrix to enhance the test program.

The interpolative model developed utilized a modified form of the
General Electric Sigmoidal equation, consisting of six independent coef-
ficients, to equate the stress intensity range to cyclic crack growth rate.
The six coefficients regulate the location and slope of the inflection point,
the lower and upper asymtotes, and the low and upper shape characteristics
of the cack growth curve. Relationships were made to evaluate each of the
coefficients as functions of the four test variables.

At the lower temperature of 538' C (1200' F) and stress ratio of 0.1,
the crack growth behavior was hold time and frequency independent. At 649' C
(1200' F) and the stress ratio of 0.1, the frequency test variable was non-
influential; however, hold periods of 90 seconds resulted up to a twofold
increase in growth rate. At 760' C (1400' F) the frequency and hold time
test variables were significant factors on crack growth behavior. At this
condition a threefold difference in growth rate was observed between the
fastest and slowest of the wave pattern examined. The influences of tem-
perature, hold time, and frequency on crack growth rate behavior increased
with increasing stress ratio. Depending on the other test parameters, in-
creasing the stress ratio could either vertically increase or decrease the
inflection point location of the cyclic crack growth rate versus stress
intensity curve. However, there existed a saturation level in which the
crack-growth rate at the inflection point would remain constant with in-
creasing stress ratio. The Walker equation was found unsatisfactory in
determining stress ratio effects.

Using test conditions other than those used during the development of
the model, two verification tests were conducted at two conditions to

xiv



evaluate the model. The actual average lives of the verification tests for
the two test conditions were within factors of 1.3 and 2.5 of the predicted
lives. These factors were typical of the models capability of predicting the
crack growth behavior of the experiments conducted to develop the model. A
comparison was made with other crack-growth modeling studies. It is shown
that the accuracy of the verification experiments were within the range of
other elevated temperature interpolative modeling techniques. It was ob-
served that the error in the predictive capabilities of the model increased
with increasing stress ratio and remained constant for the other three test
variables.

$
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I INTRODUCTION

The concept of damage tolerant design for turbine rotor parts has become
a very attractive method for cost effectiveness due to the high replacement
cost of advanced engine components. Through the use of damage tolerant design
concepts based on analytical fracture mechanics, the usable life of each part
can potentially be extended without increasing the risk of failure. A major
requirement for implementation of this concept is reliable subcritical crack
growth information. At low temperatures, the crack growth behavior of engine
materials is reasonably well understood. Crack propagation is not as easily
defined, however, for higher temperature applications as in turbine disks
where time dependent plasticity occurs. The influences of hold time at high
stresses, time dependencies, and temperature and stress variations severely
complicates life analysis.

The purpose of this program was to develop an improved understanding of
the crack growth behavior of an advanced turbine disk material, and to develop
a method for predicting a disk alloy mechanical behavior under turbine disk
operating conditions. The specific objectives were to define the crack growth
behavior of AFII5 which is representative of an advan i powder metallurgy
disk material, and to develop an interpolative model that permits accurate
crack growth predictions to be made under different stress-time-temperature
conditions typical of advanced turbine disk environments.

Under Phase I of the program, crack growth tests were conducted at con-
ditions that reflect the operating conditions of an advanced family of engine
designs. Variables evaluated included stress ratio, temperature, cyclic fre-
quency, and hold time. Temperatures investigated were from 5380 C (i000° F)
to 7600 C (14000 F), and stress ratios (R) were from 0.1 to 0.9. Frequencies

between 0.025 and 2.5 Hz were examined with additional tensile hold periods $
up to five minutes. The stress ratio, temperature, frequency, and hold time
effects were systematically investigated using a statistically designed test
program. As an extension to the statistically designed program, additional
tests were included to assist in the direct analysis of each of the single
test variables.

A computerized interpolative program was developed in Phase II to predict
cyclic crack growth behavior within the extent of the variables tested. A
modified General Electric Sigmodial Equation, developed under this program,
was used to describe the individual cyclic crack growth curves. The model
adjusts the location and slope of the inflection point, along with the upper
and lower shaping characteristics and asymtotes of the crack growth curve as
a function of the test variables. A series of tests, under Phase III, was
then conducted to verify the accuracy of the interpolative model.

1



II. MATERIAL AND SPECIMEN FABRICATION

The material selected for the investigation of cyclic crack growth be-
havior was AFll5, a nickel-base superalloy developed by General Electric under
Air Force (AFML) sponsorship(l). AF1I5 is a gamma-prime-strengthened nickel-
base alloy in which titanium, aluminum, columbium, and hafnium are gamma prime
formers and chromium, cobalt, molybdenum, and tungsten are strengtheners of
the gamma matrix. The initial development of AF115 involved powder metallurgy
HIP + forge processing. Subsequent studies included evaluation of As-HIP pro-
cessing, low carbon/low hafnium modification, and effect of thermo-mechanical-
processing by specially controlled forging and heat treatment processes(2).
The material procured for this program was in the As-HIP condition.

A. MATERIAL PROCESSING

The AFII5 powder for this program was produced by Carpenter Technology
(heat number A1339) and was vacuum melted from virgin material and argon spray
atomized to powder. Results of the chemical analysis of the powder are shown
in Table 1 along with the minimum and maximum acceptable levels, and the aim
level for each specified element in the composition. The chemical composition
of the powder was well within the specified limits. Table 2 shows the par-
ticle size distribution of the powder utilized for the compact. The power was
99.7% minus 100 mesh powder size.

Table I. Composition of AFII5 Powder (A1339).

Element Heat A1339 AIM Minimum Maximum

Carbon 0.043 0.050 0.030 0.070
Manganese <0.01 --- --- 0.15
Silicon 0.04 --- --- 0.20

Sulfur 0.002 --- --- 0.015
Chromium 10.68 10.7 9.95 11.45
Titanium 3.85 3.90 3.60 4.20
Aluminum 3.67 3.80 3.50 4.10
Boron 0.019 0.020 0.015 0.025
Zirconium 0.057 0.05 0.03 0.07
Iron 0.13 --- --- 1.00
Cobalt 15.10 15.00 14.50 15.50
Molybdenum 2.80 2.80 2.60 3.00

Tungsten 5.67 5.90 5.60 6.20
Phosphorus <0.005 --- --- 0.015
Hafnium 0.84 0.75 0.55 0.95
Columbium 1.71 1.70 1.50 1.90
Nickel Balance Balance Balance

2



Table 2. Particle Size Distribution
of AFI15 Powder (A1339).

Mesh Size Weight Percent

+60 0.0

-60 + 80 0.2

-80 +100 0.1

-100 +140 8.5

-140 +200 18.0

-200 +325 28.0

-325 42.5

Powder from this heat was loaded into a 203 mm (8 inch) diameter by 610
mm (24 inch) long stainless steel canister (canister number C1003) by Carpenter
Technology and compacted at Industrial Materials Technology (HIP cycle number
2747) at a temperature of 1191 C (21750 F) and a pressure of 103 MPa (15 ksi)
for 2 hours. The resulting compact measured 162 mm (6-3/8 inches) in diame-
ter by 502 mm (19-3/4 inches) long. The As-HIP compact was sectioned into 14
slices, 29 mm (1-1/8 inch) to 32 mm (1-1/4 inch) thick, and heat treated.
Solution treatment was performed in air at 1182 ° C + 9C (2160* F) for 4 hours
followed by rapid air-cooling to room temperature. This temperature minimized
thermally induced porosity (TIP) formation by assuring solution treatment be-
low the minimum HIP temperatures. The quenching medium from the solution tem-
perature was rapid air-cool which minimized the tendency for quench cracking.
Aging was subsequently performed at 7600 C (1400* F) for 16 hours followed by
air cooling.

Test coupons were removed from the As-HIP compact as well as from the
fully heat-treated compact for TIP, oxygen, and metallographic analysis. Table
3 lists the results of the TIP response of the test coupons after 11490 C
(2100* F)/4 hours, 1177* C (2150* F)/4 hours, and 1191 ° C (2175* F)/4 hours
exposures, and the compact after the 1182* F (21600 F)/4 hours solution heat
treatment. All TIP values reported were well within the 0.5% TIP requirement.
The 0.001% TIP value reported for the fully heat-treated material represents
an exceptionally low TIP response. Oxygen analysis conducted on the As-HIP
compact yielded acceptable values, as listed in Table 3. Shown in Figures 1
and 2 are 10OX and 500X photomicrographs of etched metallographic sections of
the AF1I5 compact in the As-HIP and full heat-treated conditions. A uniform,
fully dense microstructure is evident in each of the views.

3
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Table 3. Results of Density, TIP Reponse and Oxygen Analysis of
AF1I5 (A1339/C1003).

Density, TIP Response

Density Measurements, Density
degrees (gm/cm 3 ) lbs/in.3  % TIP

As-HIP (No Heat Treatment) 8.380 0.30277 ---

As-HIP + 1149 C (2100 F)/4 Hours 8.369 0.30238 0.13

As-HIP + 1177 C (2150 F)/4 Hours 8.370 0.30241 0.12

As-HIP + 1191 C (2175 F)/4 Hours 8.357 0.30194 0.27

As-HIP + 1182 C (2160 F)/4 Hours, 8.378 0.30271 0.001
760C (1400F)/16 Hrs.

Oxygen Analysis

Log Corner 80 ppm 02

Log Center 28 ppm 02

B. SPECIMEN FABRICATION

Figure 3a shows the dimensions of the compact and location of the 14
slices. Slice 1 was used for the TIP and density characterization. Tensile,
creep, stress rupture, and low-cycle-fatigue qualification specimens were
machined from Slices 2 and 12 according to the configurations shown in Figure
4. Six compact tension specimens, two each of 6,35, 12.7, and 25.4 mm (0.25,
0.5 and I inch) thicknesses, were machined from Slice 6 for the thickness eval-
uation phase of the program (see Figure 3b). Eight 12.7 mm (0.5 inch) thick
compact tension specimens were machined from Slices 4, 5, and 7 through 11;
and four specimens from Slices 3 and 13 (see Figure 3c). The configuration
of the machined compact tension specimens is illustrated in Figure 5. Because
of the undersize diameter of the log, these specimens contained one beveled
corner. It was located near one of the loading holes and had no influence on
crack growth results. All compact tension specimens were identified by the
slice number followed by an identification number.

C. MATERIAL CHARACTERIZATION

Tensile, creep, stress rupture, and low-cycle-fatigue (LCF) experiments
were conducted to ensure the produced material was typical AFlI5. The results
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of the tests are reported in Table 4. Figures 6 through 8 graphically illus-

trate the tensile, creep, and stress rupture properties. The curves in those

figures, which closely agrees with the data from this program, indicate the

current expected properties of this material(2, 3 ). Low-cycle-fatigue experi-

ments were tested in longitudinal strain control at 760 ° C (1400 ° F), a strain

ratio (R) of zero, and test frequency of 0.33 Hz. The LCF data are well be-

haved in that they displayed a linear relationship when the strain ranges were

plotted versus their respective fatigue lives on logarithmic coordinates (see

Figures 9). The fatigue lives were compared to existing General Electric un-

published AF115 data and found above average, most likely a result of its

extremely low TIP response. Based on the property levels of the qualification

tests this AFII5 compact was judged fully acceptable for the subsequent

cyclic crack growth program.
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Table 4. Results of qualification Test for Heat of AFI15 (A1339/CI003).

Tensile Test Results

Temperature UTS 0.2% YS 0.02% YS Elongation RA
o C a F MPa ksi MPa ksi MPa ksi % %

23.3 74 1650.7 239.4 1133.5 164.4 1030.1 149.4 20.4 16.9

649.0 1200 1521.0 220.6 1084.6 157.3 917.7 133.1 18.3 19.1

760.0 1400 1190.1 172.6 1094.9 158.8 1062.5 154.1 8.1 8.4

760.0 1400 1200.0 174.0 1049.4 152.2 898.3 130.3 7.9 8.6

Stress Rupture Test Results

Tem~erature Stress Life

C - F MPa ksi Hours

760 1400 689.5 100 91.4
760 1400 689.5 100 137.1

Creep Rupture Test Results

Temperature Stress Time to 0.2%

C F MPa ksi Extension, hours

760 1400 551.6 80 79.0
760 1400 551.6 80 108.0

Low-Cycle-Fatigue Test Results

760 ° C (1400 ° F), Longitudinal Strain Control, A, = 1

Total Strain Fatigue Life,

Percent Cycles

1.1 1,502

0.9 2,239

0.9 3,042
0.7 24,560

0.55 77,371

0.55 91,547
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III. EXPERIMENTAL PROGRAM

The experimental program was separated in three phases. Initially six

experiments were conducted to determine the specimen thickness effect on crack

growth behavior and the loads to be used for the primary test program. Sec-
ondly, the primary test program was conducted using a uniform test specimen of

thickness determined from the results of the initial phase. After the interpo-
lative model was completed four verification experiments were conducted to
evaluate the success of the model. Each of these phases will be discussed

within the following subsections.

A. LOAD/THICKNESS EVALUATION MATRIX

As the initial test series, 6 compact tension specimens were tested at

7600 C (14000 F), a stress ratio of 0.025, and frequency of 0.33 Hz to deter-

mine for the primary test program the minimum thickness of test sepcimen that
provides essential plane strain crack growth data. Two load ranges, 7399
Newtons (1650 lb) and 8896 Newtons (2000 ib), were utilized. The load ranges
were calculated to result in applied net section stresses of 40% and 60% of

the 760 ° C (14000 F) yield strength (0.2%) of this AF115 material based on a

total crack length of 20.3 mm (0.8 inch). The specimens were precracked to a
crack length consistent with the requirement to initiate testing at 16.47 MPa

/mn (15 ksi in.). Two specimens of three thicknesses; namely, 25.4 mm (1.00
inch), 12.7 mm (0.50 inch), and 6.35 mm (0.25 inch) were tested.

B. PRIMARY TEST MATRIX

The objective of the primary test matrix was to conduct a sufficient num-
ber of experiments at various conditions so that the crack growth characteris-

tics of AFll5 could be accurately evaluated within the range of the test con-
ditions. For test efficiency, a statistically partial factorial box design
experimental program was selected - specifically the hypercuboctahedron box
design. The test conditions were tailored so that the data were gathered at

critical levels of each variable to satisfy the subsequent Analysis of Vari-
ation (ANOVA).

This technique allowed the influences of each of the variables to be de-

termined independently of the other variables, as well as the possible inter-

actions between these variables. Thus, it was possible to test only selected
conditions without sacrificing significant confidence in the interpolative
model. In certain areas, such as high temperatures and long hold periods, it
was expected that the effects would be more complex than could be fully deter-
mined by this statistical design. Therefore, to improve predictions in such

areas, additional experiments were added. The designed matrix is shown in
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Table 5. The A's and B's indicate the tests in the primary matrix divided in-
to two orthogonal blocks and which of the two test equipment systems was to
be used for that test. The X's indicate the extra tests added to the hyper-

cuboctahedron box design. At the center of the matrix, four tests at a single
condition were concentrated to determine a measure of variability in the data.

The stress ratios evaluated were 0.1, 0.5, and 0.9. These essentially
covered the entire range possible in the cyclic loading of the compact tension

specimen and were also considered adequate for most turbine disk design condi-
tions where stress is primarily due to centrifugal loading. Three levels of
cyclic frequency (0.025, 0.25, and 2.5 Hz) were selected for coverage. Test
temperatures ranged from 5380 to 760 ° C (1000 ° to 14000 F). Below 5380 C
(1000 ° F) hold time and frequency effects should not occur while 760 ° C
(1400 ° F) is the upper limit for usage of AFIIS. Hold times up to 300 sec-
onds were evaluated which was considered adequate to assess the importance of
most turbine disk hold times.

C. VERIFICATION TESTS

Two verification experiments were conducted at two conditions selected

by the Materials Laboratory (AFWAL) after the completion of the development
of the interpolative model. Those conditions are outlined below:

Test Condition 1 5930 C (1100 ° F), R = 0.3, 0.1 Hz, no hold time

Test Condition 2 7040 C (1300' F), R = 0.6, 0.1 Hz, 30 sec hold

16
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IV. EXPERIMENTAL PROCEDURES

All cyclic crack growth experiments were conducted at General Electric,
Aircraft Engine Group (AEG), in two servo-controlled, electrohydraulic test
systems operated in closed-loop control. Details on precracking, load de-
terminations, heating, and crack measuring will be discussed within this
section.

A. PRECRACKING

The compact tension specimens were EDM notched followed by precracking
at either room or elevated temperature. Initially, the specimens were pre-
cracked at room temperature at 30 Hz with cyclic loads being stepped down in
10% increments as a function of precrack length. The final precrack length
and applied loads produced a stress intensity range less than or equal to the
initial stress intensity of the subsequent elevated temperature cyclic crack
growth tests. The specimens were reversed within the test system, if required,
to maintain reasonably even surface crack lengths. Approximately half of the
specimens were precracked in this fashion. During early stage of testing it
appeared that the precracking was interfering with the normal crack growth be-
havior since the curvature of the crack would rapidly change shortly after
initiation of crack extension as noted in Figure 10. The surface measurements
of S/N 4-8 satisfies the ASTM E647(4 ) requirements which rcommends that the
variation in the two measured crack lengths be less than 0.025 times the width
or 0.25 times the thickness, whichever is greater. As noted in Figure 10 the
precracking process was, however, clearly influential during the early segment
of crack growth. Other specimens, such as S/N 5-3, did not satisfy the ASTM
requirements but the crack front became uniform during early crack growth.
After these observations, precracking was conducted at elevated temperature
within the system used for testing so that the final precracking was done at
the test condition loads. Even then a few of the specimens produced uneven
crack fronts. Specimen bending, other than that expected, was thoroughly
examined prior to the test program. The affect that precracking had on growth
rate will be discussed in a later section. The method of precracking used on
each specimen and final crack measurements are listed on both surfaces within
the experimental data.

B. TEST FACILITIES

.Figure 11 depicts a view of one of two cyclic crack growth test facili-
ties. It consists of a MTS 22.2 kN (5000 ib) closed-loop, electrohydraulic,
servo-controlled, low-cycle-fatigue machine and associated control and monitor-
ing equipment. The second facility consists of a 44.4 kN (10,000 ib) Pagasus

system. In Figure 12, a close-up view of a compact tension specimen installed
in the load train is provided. Specimen heating was provided by a specially
designed split shell three zone resistance furnace equipped with quartz view-
ing windows. Conventional 20X traveling microscopes were used to monitor

18
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S/N 4-8

S/N 5-3

Figure 10. Room Temperature Precracked Specimens with
Subsequent Elevated Test Conditions Showing
Changes in Curvature After Initiation of
Testing
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Figure 11. Photograph of overall test set-up with MTS 5 II
closed-loop equipment and associated control and
monitoring equipment.
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i$

Figure 12. Photograph of close-up view of compact tension specimen

in test fixture.

21



crack growth along both the front and back surfaces of the specimens. In each
view of Figures 11 and 12, the split-shell resistance furnace and traveling
microscope are shown.

Since transient growth rates can result from interruption of long dura-
tions the experiments were generally conducted continuously until failure. If
significant growth of the crack was expected prior to the next schedule re-
cording, the test was stopped and the static tensile load reduced to approxi-
mately 445 N (100 lb) and temperature reduced to 427* C (800° F). As will be
noticed in the presentation of the data, some fluctuations occurred within the
cyclic crack growth versus stress intensity results, and were probably a re-
sponse to test interruptions. Because of the durations of these tests, these
interruptions were unavoidable.

C. LOAD DETERMINATION

Based on the load/thickness evaluation, maximum loads were selected as
8.07, 9.35, and 13.99 kN (1815, 2102, 3145 lb) for the stress ratios of 0.1,
0.5, and 0.9, respectively. With a crack length of 16.5 mm (0.65 inch), these
loads produced effective 16.47 MPa imr (15 ksi in.) stress intensity
range based on the Walker expression:

AKef f = AKmax (l-R)m  (1)

with the exponent (m) of 0.25. After a few experiments it became obvious that
the higher temperature experiments with hold periods produced an insufficient
range of crack growth rate while at lower temperature the duration of the

tests became impractically long. Therefore, for the lower temperature experi-
ments the procedure of successively increasing the load or crack length was

implemented to produce various segments of the crack growth rate versus stress
intensity curve. For the higher temperature experiments, the loads had to be
decreased for the room temperature precracked specimens to produce a suitable
amount of crack growth. The elevated temperature precracking of the specimens
was conducted by initiating the crack from the EDM slot at loads above the
test conditions and successively decreasing the loads. Reasonable growth rates
were maintained during this elevated temperature precracking until the loads
given above were achieved. The loads at which tests were conducted are summa-
rized with the data.

D. CRACK GROWTH DATA REDUCTION

At the conclusion of each test, the raw crack length versus accumulative

cycle data were reduced to cyclic crack gr6wth rate (da/dN) by use of the
seven-point sliding polynomial technique recommended by ASTM(M). The crack
lengths were adjusted for curvature by the ASTM recommended quarter width aver-
age crack length and maximum crack length technique( 5 ). In a few cases, in-
sufficient crack length measurements were taken to produce a reasonable crack
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growth rate versus stress intensity curve, especially since the seven-point
sliding polynomial technique does not calculate crack growth rates for the
first three and last three crack length measurements. In those cases, the
crack length versus cycle number curve was visually estimated through the
collected data points and additional points extracted from that curve. The
stress intensity range value associated with the mid crack length of each set
of consecutive seven points determined by:

2+a
2K P (0.886 + 4.64 - 13.32 + 14.72 (a) 2

(BlVW [1_j] 3/2, k (W
(2)

- 5.62 (a))

Thus pairs of da/dN and AK values were available for evaluation.
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V. EXPERIMENTAL RESULTS

Pairs of crack length (from each side of the compact tension specimen)

and cycle number were recorded from each of the crack growth tests. Those

pairs were reduced into cyclic crack growth rate versus stress intensity
data. The results of the experiments are summarized within the following

subsections.

A. THICKNESS RESULTS

Six compact tension specimens, two each of three thicknesses, were

tested to evaluate the thickness effect of the compact specimen geometry on

crack growth behavior. Table 6 list the pertinent test parameters for these

six tests. Specimen 6-3 failed during the high-cycle-fatigue, room tempera-

ture precracking as a result of an equipment malfunction and was not repeated.

Figures 13, 14, and 15 show the fracture surfaces of the five tested specimens.

Table 6. Test Parameter Summary of Thickness/Load Determination Test Series.

Precrack

Specimen Thickness, Precrack* Load Range Temperature,

S/N mm inches mm inches Newtons lb C F

1-3 25.40 1.0 19.1 0.75 14,678 3300 R.T. R.T.

2-3 25.40 1.0 14.5 0.57 17,792 4000 760 1400

3-3 12.70 0.50 15.2 0.60 8,896 2000 760 1400

4-4 12.70 0.50 21.3 0.84 7,339 1650 R.T. R.T.

5-3 6.35 0.25 19.6 0.77 3,336 750 R.T. R.T.

6-3 6.35 0.25 -.--- --- --- 760 1400

*Precrack dimension tabulated is referenced from the center of the specimen

pin hole.

Test Parameters: 760 ° C (1400 ° F) R = 0.025, 0.33 Hz

24



Bottom Half Top Half

S/N 5-3 2X

Figure 13. 6.35 mm (0.25 inch) Thick Compact Tension

Specimen Fracture Surface

Bottom Half Top Half Bottom Half To Half

S/N 3-3 2X sIN 4-3 2X

Figure 14. 12.5 (0.5 inch) Thick Compact Tension
Specimen Fracture Surface
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As shown in Figure 15, an extensive and variable crack front curvature
resulted from the 25.4 mm (1 inch) thick specimens experiment. Figure 13 ex-
hibits photographs of 6.4 mm (0.25 inch) specimen. This specimen fracture
showed minimal curvature resulting from the actual cyclic crack growth test,
but the precrack grew significantly deeper on one of the specimen's surface.

This specimen was reversed in the test machine load train repeatedly during

precracking to minimize this tendency; however, the uneven precrack persisted.
The 6.4 mm (0.25 inch) thick specimen, being somewhat more flexible, is con-

sidered more sensitive to load train alignment. Figures 16 and 17 graphically

show the da/dN versus AK values of the five experiments. Presented in Figure

16 are the data after incorporation of the ASTM 3 point crack front curvature
correction. The data appears to form a single population independent of speci-
men thickness or applied load level. The 6.4 mm (0.25 inch) thick specimen

appears to demonstrate a lower threshold stress intensity compared to the 25.4

mm (1 inch) thick specimen. This difference may be a result from the signifi-

cant curvature noted in the thicker specimens. The data with the curvature
correction clearly populates a single curve in the mid and upper crack growth
rate regions indicating an insensitivity to the loads and thickness examined.
Figure 17 shows the results with the stress intensity range based on the

average surface crack length measurements. Use of the surface measurement

clearly differentiates the 25.4 mm (1 inch) thick specimen data from the 12.7

and 6.35 mm (0.5 and 0.25 inch) thick specimen data.

Based on the results from the test series discussed above, the 12.7 mm

(0.5 inch) thick specimen and the lower range (equivalent to 40% of the 0.2%
yield strength) were selected as conditions for the primary test matrix pro-

gram. The 12.7 mm (0.5 inch) thick specimen was selected to avoid the crack
front curvature problems associated with the 25.4 mm (1 inch) thick specimen

and the flexibility problems (uneven crack growth) associated with the 6.35

mm (0.25 inch) specimen. The lower load range was used based on the preferred
use of a longer precrack specimen. The longer precrack was preferred to avoid
potential shadowing affects associated with the EDM precrack notch.

B. RAW EXPERIMENTAL DATA

Pairs of measured crack length and accumulated cycle are tabulated within
Appendix A for all experiments conducted within the primary test program. In-

cluded are the precracking conditions and test loads for each test. When the
ASTM E647 recommendation that the uncracked ligament of the compact tension

specimen be less than (4/v)(Kmax/oys)2 was exceeded, it is noted in Appendix A.
This recommendation limits the specimen to be predominately elastic. While
such situations did occasionally exist, this restriction was ignored during

the development of the interpolative model. Techniques such as nonlinear

fracture mechanics would be required to alleviate this concern which was out-

side the scope of this program.
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C. da/dN Versus AK Tabulation

The reduced cyclic crack growth rate versus stress intensity factor for
each of the conducted tests are tabulated in Appendix B. The procedures used
to derive these values were discussed earlier (Section 4.4). If the cyclic
crack growth rate data was determined from an estimated crack length versus
cycle number curve due to insufficient data being collected, it is noted in
Appendix B. Plots of da/dN versus AK are present in Figures 18 through 20.
The following observations for each of the test variables were made from
these plots.

I. Frequency Effects

The following observations have been made with regard to frequency effects
as indicated in Figures 18 through 20.

" At 538 ° C (1000 ° F) and 6490 C (12000 F) and the stress ratio of 0.1
the frequency effect was negligible; however, at higher stress ratios
an effect was observed. For example, at 6490 C (12000 F) and stress
ratio of 0.9 there existed up to a 2 decade difference in growth rate
between the slowest and fastest continuous cycling experimental re-
sults.

* At 760 ° C (14000 F) and stress ratio of 0.1 (Figure 18d), a factor of
three increase was observed between 2.5 Hz and 0.25 Hz experimental
results. At the stress ratio of 0.5 an order of magnitude was ob-
served for the same change in frequency (Figure 19c). With hold
periods less variation in growth rate existed between frequencies.

* When approaching the lower and upper asymptotes the frequency of the
experiments became insignificant. $

2. Hold Time Effects

The following observations have been made with regard to hold time
effects.

* At 5380 C (10000 F) hold time was noninfluential at the stress ratio
of 0.1 and had only a slight effect at R = 0.9 (Figures 18a and 20).

* At 6490 C (12000 F) and a stress ratio of 0.1, a 90 second hold
period increased the growth rate up to a factor of 20 for all three
frequencies (Figure 18b). At the stress ratio of 0.9 and 2.5 Hz a
2-1/2 order of magnitude increase in growth rate was observed when a
90 second hold period was added (Figure 20b).

* At 760* C (14000 F) and stress ratio of 0.1 the difference between
the fastest cycle (2.5 Hz) and slowest cycle (0.25 Hz + 300 second
hold) produced a 3 decade increase in growth rate (Figure 18d). A
two order of magnitude increase was observed between the 0.25 Hz
(R 0.1) condition and that with a 90 second hold period.

30 !no

. . . .i_ i ... ..... ..



*c = W U . . .) ...

NNN NNNN ,
(NA cc0 L;NU

, t4 . . . *NN~N . NN c : cr -

0 - 'T. I Il. I I - l I "I c I I I II

10/10 0 10-1

10
-

10-2

33 A_

10 V-

+- V -+

10-10

A +

+
+

f+ f
5~+*

1010

10-6

10-

10 538C (1000F) 100 0 64C(2 F) 10 0 74C(1300F) 100 1 6C(40- o

STRESS INTENSITY, 6K KS1 4-1N.

Figure 18. Experimental Results of Crack Growth Tests Conducted at the
Stress Ratio of 0.1.

31



-* S/N 5-'o 2.5 H:, 0 SEC. + S/N 11-7, .25 H1:, 9 SLC. -+ 9-8, 2.5 H:, 0 S:C.

X S/N 4-3, 2.5 Hz, 90 SEC. X S/N 11-i, .2S Hz, 9 SIC. < S(N 7-8, 2.5 H:, 90 SEC.

7 S/N 5-3, .025 Hz, 0 SEC. S/N 8-5, .2s z, 9 SEC. S/N 3-1, .25 H:, 0 SIC,
S/N 8-7, .025 Hz, 90 SEC. S/N 4-6, .25 H , 9 Sc. S/ 4-i, .02S :, 0 SIC.L• /S/-, 254-2 .025 ii:, 9C SIC.

STRtSS INTENSITY, 
A
K,H'a I

ioi 10 100 10 10

I f -[ l [ - I" I li

10-2

-3
1_ 1 -

X
X _

V xV

xx

10- +

X4-+

o-7-
10-~

V~ +

+ +

10-6

i p ,

-7 Ill a 111 A a l i I l l l I i iI -]

10 7 538C (0000F) 100 7 649C (1200F) 100 7 7bOC (140PF) 10

STRESS INTENSITY, A K, KSI

figure 19. Experimental Results of Crack Growth Tests Conductild at

the Stress Ratio of 0.5.

32



+ s/N 11-2, 2.3 HZ, 9 SEC. + S/N 11-6, 2.5 H:, 0 SEC. - S/N 5-2, 2.5 Hz, 9 SEC.
X S/N 4-8, .25 H:, 0 SEC. X S/N 8-6, 2.5 Hz, 90 SEC. X S/N 4-4, .25 Hi:, 0 SLC.
V S/. ]-1, .25 Hz, 90 SEC. V S/N 10-5, .025 H:, o SEC. 7 S/N 10-7, .25 Hz., 90 SLC.

S/N 5-], 2.5 Hz, 9 SEC. 6 S/N 3-4, .025 H:, 90 SEC. 1 S/N 11-8, .025 liz. 9 SLC.

STRESS INTENSITl, 4K, KPa F

1010 10 1 U

10-2

0-1

zA

010

10
4 ,5

[V

10
- 6

+ 
+

ia7- .0- - -

1O_ I , , , I m ,,, I I 11 ,,11

1 538C (1000F) 20 3 649C (1200F) 20 1 760C (1400F) 20

STRESS INdTENSITY, LK, KS! V%
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dr

* The influences of hold time, when present, decreased when approach-
ing the lower and upper asymptotes.

3. Stress Ratio Effects

Increasing stress ratio would either increase, decrease, or not change
the vertical location of the inflection point of the crack growth curve. The
direction depended on the other test condition. The range between AK* and
AKc decreased with the combination of increasing stress ratio and decreasing
temperature.

4. Temperature Effects

Temperature had the following effects on crack growth behavior.

0 At a stress ratio of 0.1 without hold period, approximately 1/2 an
order of magnitude variation in growth rate was observed between the
538 ° C (1000 ° F) and 7600 C (14000 F) experimental results (0.25 Hz).
When a 300 second hold period was included, a three decade increase
in growth rate was observed between the two temperatures. As would
be expected, as temperature increased the influences of hold time
and frequency increased.
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VI. INTERPOLATIVE MODEL

The interpolative model was develop using modified form of the General

Electric Sigmoidal Equation to relate cyclic growth rate to stress intensity

range for conditions within the limits of the test variables investigated.

The modified equations contains six independent coefficients that are ex-

pressible as the slope and location of the inflection point, the lower and

upper asymtotes, and the lower and upper shaping characteristics of the cyclic

crack growth rate versus stress intensity curve. As well be shown, each of

these parameters are relatable to the four test variables; namely, tempera-

ture, stress ratio, frequency, and hold time.

A. THE MODIFIED SIGMOIDAL EQUATION

In the late sixties, a six parameter sigmoidal equation was developed by

General Electric which had the flexibility of corresponding to the complete

range of traditional, nonsymmetric cyclic crack rate versus stress intensity

data(b).

That sigmoidal equation is:

da = eB ( ) P (n K) Q (n AKc D  (3)

dN AK * AK AK /

In logarithmic form:

in (da/dN) = B + P (in AK - in AK*) + Q In (in AK - in AK*)+

D in (in AKc - in AK) (4)

Figure 21 illustrates the manner in which the coefficients of Equation 3

interact. The lower and upper asymtotes are expressed by AK* and AKc, respec-

tively. The coefficients Q and D are shaping coefficients that control the

lower and upper sections of the sigmoidal curve (see Figure 21a). Decreasing

absolute values of the D or Q exponents results in a sharper transition at

the appropriate end of the curve. The coefficient P adds to the sigmoidal

equation a control of rotation at the inflection point of the crack growth

curve. The coefficient B consists of a vertical movement of the curve. The

location of the inflection point in the vertical direction is controlled by

the combination of B, P, and AK* (see Figure 21b). That interaction makes

it nearly impossible to express the coefficients of the Sigmoidal Equation

as a function of the test variables.
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in da Q In (In AK-in K*) + D in(ln AK-in AK)

da
1~ in D In (in A K -in A K)

inda
4-- I Q in (In AK In nAK*)

D=-Q

Figure 2ia. Upper and Lower Shaping Method of the
Sigmoidal Equation

in U-Q In (InLK-in A K*) + D in (in6 K c-i K

D= -

minA
SBI
A-k da

B' In -B P (In AK-in AK*) + Q in OInA K-]nA K*) +

D In (inA K -InAK)

da

vt-l 5N.B + P (in AK -n nAK*)

FIGURE 21b. LOCATION AND ROTATION OF THE INFLECTION POINT BY THE
SIGMOIDAL EQUATION

Figure 21. Illustration of Affects of the Coefficients of the Sigmoidal Equation.
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To simplify Equation 3 so that the individual coefficients could be related to
the test variables in a straight-forward manner, the equation was modified
to:

da = BP K (pIn AK )QC Di 5
dN e AKi in AK / AK /

The revised coefficient B' is simply the natural logarithmic magnitude of the
vertical displacement of the inflection point of the symmetric crack growth

rate versus stress intensity curve from the crack growth rate of unity. (see
Figure 21b). The second term in Equation 5 contains AK4, the location of the
inflection point on the horizontal axis, rather than AK as in Equation 3.
However, AKi can be calculated from four of the other coefficients by:

AQ . Kc) + ,/-D (i/ A*AK i  = exp c . (6)[Q + -D

Further modifications permits the sigmoidal equation to be described by the
vertical location of inflection point (da/dNi), the horizontal location of
inflection point (AKi), the slope at the inflection point (da/dNi'), the
upper and lower shaping coefficients (D and Q), and the upper and lower
asymtotes (AKc and AK*):

da (a t dNi in (AKi/a* ~ /~))nA/AK*) Q/'Ln(AK /AK)D)
da - 1da a ___________ (i (A~/A~))(i(AKAK* 1Q1_________

dN kdNi )lAKi), \Rn~(i/A*\nAc i k

Expressions were generated to relate AKi, da/dNi, da/dNi', AKc, AK*, and Q
to the four test variables. The coefficients in Equation 5 are obtained by
the following expressions.

( / in (AKi/aKc)) 2  (8)

in (AKi/AK*)

B' = in (dL-)- Q in [(in AKi/AK*] D in [in(AKc/AKi] , (9)

and da'-Q/n+Dn(0

dP Q/n (AKi/AK*) + D/Ln (AKc/AKi) (10)

The relationship between the coefficients in Equation 7 and the four test
variables will be given in the following subsections.

37

_ -- V



B. MODELING OF EXPERIMENTAL CONDITIONS

The slope and location of the inflection point, asymtotes, and shaping
coefficients were equated to temperature, stress ratio, frequency, and hold

time. Some of the coefficients required interaction with only one or two of
the four test variables. Others, such as for the inflection point were found

more complex and related to all four test variables. In many situations dur-

ing the development of this model the coefficients governing the crack growth
curve were estimated since tests were not conducted at all possible combina-

tions of the four test variables. As permitted by the use of the hyper-
cuboctahedron test program, the estimations were achieved by considering the
surrounding test results in which only one test variable was different from
that being examined. Details of each of the derived relationships are given

below.

1. Stress Intensity At Fracture, AKc

The final crack length was measured from each of the failed specimen

and the stress intensity range calculated based on that crack length and
applied loads of the test. A correlation of the final stress intensity range

to frequency, hold period, or temperature was not present. There was, as

would be expected, a dependency on stress ratio, such that:

AKc = AKmax (1-R) (1i)

The value of AKmax was calculated to be III MPa 1/m 122 ksi Vin.

2. The Lower Asymtote, AK*

The lower asymtote AK was estimated from each set of da/dN versus AK
data. It was found relatable to stress ratio and temperature and independent
of frequency and hold periods. For the stress ratio of 0.1 and temperatures
between 538 ° and 760 ° C (1000° to 14000 F), AK* was estimated as 10.98 MPa /m

(10 ksi/in). When plotted versus I-R on logarithmic coordinates, as sug-
gested by Klasnel and Lukas ( 7 ) for the threshold, linear relationships were
observed for each temperature (see Figure 22), so that:

AK* - AK*max (I-R)n (12)

For each temperature, AK*max is the intercept at the stress ratio of zero, and

n the slope. They were related to temperature by:

n or AK*max = al + b (T-1000)d , (13)

where al, b, and d are coefficients determined by simple regression analysis.
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3. Horizontal Location Of Inflection Point, AKi

The cyclic crack growth rate and stress intensity range at the inflec-
tion point (da/dNi, AKi) were determined for each set of experimental data by
either multiple regression analysis or simple visual inspection. In examina-
tion of the da/dNi and AKi pairs on logarithmic coordinates, linear rela-
tionships were observed for each combination of temperature and stress ratio,
so that:

AKi = 6 (da/dNi, R, T) (14)

Since such a linear relationship between AKi and da/dNi exist, then:

AKi = C (da/dNi ) 
n l 

, (15)

where for each combination for temperature and stress ratio, C represents the
intercept of the relationship at da/dNi of unity, and nI the slope between the
relationship of da/dNi and AKi . Table 7 summarizes these constants. Figure
23 presents all pairs of da/dNi and AKi at the stress ratio of 0.1. Note
that at this stress ratio, temperature was noninfluential on the relationship.
The intercepts were related to stress ratios by the expression:

C = C + e(l-R)f  ; (16)
@o0.1

where e and f were related to temperature using the form of Equation 13. The
slope nl, was set equal to 0.13 for stress ratios up to and including 0.5.
For higher stress ratios the following relationship was used -

ni m el log 0 ) (17)

4. Vertical Location Of The Inflection Point, da/dNi

The vertical distance of the inflection point from the crack growth rate
of unity, da/dNi, was found to be influenced by temperature, frequency, hold
time, and stress ratio:

40



a

Table 7. Slope and Intercept (da/dN = 1.0) of Linear
Relationship Between da/dNi and AKi for
Various Temperatures and Stress Ratios.

Temperature Stress Ratios Slope Intercept, ksi Vin.

538* C (10000 F) 0.1 .13 120.5

0.5 .13 77.27

0.9 .00 8.00

6490 C (12000 F) 0.1 .13 120.5

0.5 .13 77.27

0.9 .04 8.69

7600 C (14000 F) 0.1 .13 120.5

0.5 .13 77.27

0.9 .13 16.37
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da - (T, v, HT, R) (18)
dNi

The inflection point for each of hold time conditions, da/dNiHT, was found
calcuable by adding a hold time damage onto the location of the inflection

point of the cycling portion of the wave pattern, da/dNiCC, such that:

l,=log daT daHT d + log (daGCCN (19)
dNi  log \dNi / dNi  / ogdN-/(

The second term on the right side in Equation 19 was related to temperature,
frequency, and stress ratio:

da CCd-i = 6(v, T, R) (20)

and will be discussed first.

daCC

a. Inflection Point For Continuous 
Cycling Conditions, dN i

For each stress ratio and temperature combination, da/dNi from the con-

tinuous cycling experiments were plotted on logarithmic coordinates versus
the time per cycle. A near linear relationship existed at 760 ° C (14000 F)

and stress ratio of 0.5 (see Figure 24). This was the only condition that

three frequencies were examined and a variation in crack growth behavior
was observed.

To model this behavior:

Log -daCC - f log 2 5 )h + j (21)

was used, where g, h, and j are coefficients related to temperature and stress
ratio. Without the exponent h, a linear relationship is described by the ex-

pression. The exponent adds curvature to the relationship that was required
to describe the 760 ° C (1400 ° F) and stress ratio of 0.9 condition where
blunting of the crack-tip reduced the rate of damage at 0.025 Hz. The values
of g, h, and j are presented in Table 8. They were related to temperature by
Equation 13.

The stress ratio was introduced into the evaluation by calculating a

linear relationship for da/dNi versus log (l-R) between the stress ratio of
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Table 8. Coefficients to Determine da/dN i
For Continuous Cycling Conditions.

Temperature Stress Ratios g h j

538" C (1000" F) 0.1 0.0 1.00 -4.88

0.5 0.2 1.00 -5.55

0.9 0.5 0.99 -6.20

649" C (12000 F) 0.1 0.0 1.00 -4.52

0.5 0.75 1.00 -5.00

0.9 0.95 1.03 -5.51

760" C (1400* F) 0.1 0.86 1.08 -4.52

0.5 1.29 1.14 -4.77

0.9 1.72 0.72 -4.77
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0.1 and 0.5 and extending it until a saturation point (no change in da/dNi
with decreasing l-R) is achieved. That is, no change in da/dN i is allowed
to exceed that for da/dNi at R = 0.9. This can be expressed by:

[Log da R0. / da Rda.R

Log da =dNi dNi 5 I5 Log (0.9/R) + dLg a R @ 0. 1
SNi  (Log 0.9 - Log 0.5) o 0[Log dNi

(22)

The value of da/dNi is, however, limited to the value of da/dNi calculated
at the stress ratio of 0.9. This bi-linear effect has been observed by
others( 8 ) in which a lower saturation condition was ob3erved for the coeffi-
cient governing Region I crack growth and an upper saturation for the coeffi-
cient controlling Region II crack growth. In considering the location of
da/dNi when temperature, frequency, and hold perids are added to the effect
of stress ratio this assumption appears valid. The predicted relationship
between da/dNi and (l-R) for continuous cycling condition are presented in
Figure 25.

b. Inflection Point For Hold Time Conditions, 
da HT
dN i

The first term on the right side of Equation 19, the hold time damage
factor, was determined to be influenced by temperature, stress ratio, fre-
quency, and hold time:

da HT daCC 6 CT, R, v, HT)
-Ni - (23)

When this damage hold time factor was plotted versus the duration of the
hold period on logarithmic coordinates, a linear relationship was observed.
Figure 26 present the damage factors for the stress ratio of 0.1. Assuming
a linear relationship between the damage factor and hold period, then:

log [d i / a k + e2 (log TO (24)

where for each combination of temperature, frequency and stress ratio k and
e2 are the intercept (at 20 seconds) and slope, respectively. It will
suffice to say that stress ratio was manipulated in the same fashion as the
non-hold-time conditions. Therefore, the only discussion will be to be
relate k and e2 to temperature and frequency.
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The slope and intercepts for the frequency of 0.25 Hz were related to
temperature by the simple power expression:

k or e2 = r (T-l000)s
, (25)

where r and s were evaluated by simple regression analysis. For each tempera-
ture, the coefficients in Equation 25 were related to frequency by:

r ors = u (log . ) W-1 (26)
.025

where, once again, u and w are determined by simple regression analysis. Tabu-
lations of the slopes and intercepts for each combination of temperature and
stress ratio are presented in Table 9.

5. Slope Of Inflection Point, da/dNi'

The slope of the inflection point (da/dNi') was modeled in the same
manner as the location of the vertical location of the inflection point. For
each stress ration, da/dNi' is calculated by Equation 19 through 21 and 23
through 26, substituting da/dNi' for da/dNi and using the appropriate coeffi-
cients. Each of the three stress ratios were evaluated separately and a bi-
linear assumption used as discussed in the last section. Figure 27 show the
prediction of da/dNi' versus I-R on logarithmic coordinates by the model for
the three frequencies without hold period. The data points indicate the
calculated value of da/dN i ' from the tests conducted.

6. The Lower Shaping Coefficients, Q

The lower shaping coefficient was related to the test variables rather
than the upper shaping coefficient. This seems appropriate as the majority
of the life of a sample is consumed in the low growth regime where the
variables have a chance to influence growth. To determine Q the relation-
ships between the coefficients (da/dNi, AK*, da/dNi', AKc, and AKi ) and test
variables were implemented into Equation 7 along with Equation 8 and an
analysis performed on each set of experimental crack growth data. For the
7600 C (1400* F) at stress ratio from 0.1 to 0.9, and for the stress ratios
of 0.9 at 649* C (1200 ° F) the coefficient Q was found nearly equal to 3.0.
At other conditions Q was relatable to stress ratio by:

Q = n2 (l-R) -.57 (29)

Where n2 was related to temperature using simple regression analysis based
on Equation 13.
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Table 9. Slope and Intercept (at 20 Seconds) for Hold Time
Damage Factor Versus Hold Period Duration for Vari-
ous Temperatures, Stress and Ratio and Frequencies.

Stress Slope Intercept
Temperature Rates 0.025 Hz 0.25 Hz 2.5 Hz 0.025 Hz 0.25 Hz 2.5 Hz

538* C (1000 ° F) 0.1 0.0 0.0 0.0 0.0 0.0 0.0

0.5 0.0 0.55 0.64 0.0 0.0 0.0

0.9 0.0 0.64 0.84 0.20 0.15 0.47

649* C (12000 F) 0.1 1.00 1.00 1.00 1.30 1.30 1.30

0.5 0.88 1.36 1.45 0.62 0.87 1.06
0.9 0.82 1.36 1.50 0.55 0.87 1.67

760w C (1400* F) 0.1 1.0 1.0 1.0 0.46 1.41 2.28

0.5 0.66 0.93 0.99 0.10 1.31 2.55

0.9 0.54 0.90 0.99 0.25 0.94 2.65
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C. SUMMARY OF INTERPOLATIVE MODEL

During the primary test program observations were made on the response
of the crack growth behavior of AF115 to the four test variables as discussed
in an earlier section. The interpolative model was developed to satisfy
these observations which will be briefly summaried within the following para-

graph.

1. Response Of Coefficients To Test Variables

A summary of the coefficients influenced by the four test variables are
indicated in Table 10. Figure 28 indicate the possible movement of the sig-

moidal cyclic crack growth curve relative to increasing values of the test

variables as outlined below.

* AKc decreased with increasing stress ratio; independently of the
temperature, frequency or hold time.

* AK* decreased with decreasing stress ratio. At R = 0.1, AK* was

temperature insensitive, however, for higher stress ratios, &K*
was lower for higher temperatures as shown in Figure 22.

* The location of AKi was proportionally related, on logarithmic

coordinates, to da/dNi. At the stress ratio 0.1, the relationship
between the two was insentitive to temperature as noted from pre-
dictions made by the model shown in Figure 23. At higher stress
ratios, the slope between the da/dNi and &Ki relationship increased
with decreasing temperature (compare linear lines in Figures 29 and

30).

" The location of the inflection point on the crack growth axis,
da/dNi, increased with increasing temperature (Figure 31) and hold
period (Figure 32), and decreasing frequency (Figure 33). With
respect to stress ratio it either increased (Figure 34) or de-
creased (Figure 35), depending on the other test condition. When
plotted versus (l-R) on logarithmic coordinates, a saturation point

existed for a given set of conditions that da/dNi did not surpass

(Figure 25).

* The slope of the inflection point was predictable in the same manner
as its vertical location. It decreased with increasing hold period
and temperature and increased with increasing frequency as also
indicated in Figures 31 through 33.

" The lower shaping coefficient was constant for all 760* C (1400* F)
conditions and 6480 C (1200" F) and stress ratio below 0.5. At

other conditions a sharper transition existed at growth rates ap-

proaching the lower asymtote.
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Table 10. Influence of Experimental Variables on
Modified Sigmoidal Equation Coefficients.

Temperature Frequency Hold-Time Stress Ratio

AK* X

AKc X X

AKi  X X X X

da/dNi X X X X

da/dNi X X X X

Q X X
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2. Comparison of Experimental Results To Model

Figures 36 through 45 show the predicted cyclic crack growth curves from
the model versus the associated data from the experimental program. Within
the mid-region of crack growth, the data were predicted by the model within a
factor of two. At growth rates approaching the asymtotes, the stress inten-
sity calculated from the experimental results were within 15% of the predicted
values. However, as will be shown, the worse prediction of the model in cal-
culating the life of the experiments conducted to generate the model was a
factor of 5.5 with the overall predictability of the model being much better.
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Figure 38. Actual and Predicted Crack Growth Rate Curves
for 704C (1300F), R=0.1, 0.25 Hz Experiments.
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SYMBOL SPECIMEN FREQUENCY HOLD TIME

VS/N 11-4 2.5 Hz 0
S/N 9-3 .25 Hz 0
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SYMBOL SPECIMEN FR~qUENCY HOLD TIME

VS/N 5-7 2.5 0
S/N 4-3 2.5 90
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Figure 40. Actual and Predicted Crack Growth Rate Curves

for 538*C (1000*F), R= 0.5 Experiments.
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SYMBOL SPECIMEN FREQUENCY HOLD TIME

VS/N 9-8 2.5 0
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SYMBOL SPECIMEN FREQUENCY HOLD TIME

X S/N 4-8 .25 (
< S/N 11-2 2.5 9
A S/N 5-1 .025 9
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Figui~i 43. Actual and Predicted Crack Growth Rate Curves
for 538-C (10000F).R= 0.9 Experiments.
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SYMBOL SPECIMEN FREQUENCY HOLD TIME

S/N 11-6 2.5 0
+ S/N 10-5 .025 0S/N 8-6 2.5 90

S/N 3-4 .025 90

STRESS INTENSITY, K, MPa V'ii
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Figure 44. Actual and Predicted Crack (cmvth Rai- Curv-,-
for 1490C (1200 0 F), ?=0.9 ExT,erlment: .
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SYMBOL SPECIMEN FREQUENCY HOLD TIME

S/N 4-4 .25 0
4S/N 5-2 2.5 9
AS/N 11-8 .025 9
aS/N 10-7 .25 90
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lo)
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110 100 lOOD

STRESS iNESmTY 4K, icSI t5T

FIFrure 41). Actual and Predicted Crack Orowth Rate C'urvW:,,
for 700 0 c (1q00F)j F=0 .9 Fxrr~rmenr~t.

72



VII. COMPUTER PROGRAMS

A computer program was written that is capable of determining the crack
growth rate behavior of AFII5 for conditions within the range studied. Those

conditions are listed below:

Temperature 538 ° - 760 ° C (1000'-1400° F)

Stress Ratio 0.1 - 0.9

Frequency 0.025 - 2.5 Hz

Tensile Hold Time 0 - 300 Seconds

The softwave was written in ANSI Standard FORTRAN and was demonstrated on
the CDC 6600 computer system at WPAFB under NOS/BE operating system. Because
of the manner that this model was developed, the program is not capable of ex-
trapolations outside of the conditions listed above. A listing of the program
is given in Appendix C. The input for the program consists of temperature (F),
stress ratio (R), time for cycling portion of wave pattern (seconds), and
length of hold period (seconds). The inputs are separated by commas. As out-
put, the cofficients of the modified Sigmoidal Equation (Equation 5) are given.
The crack length versus cycle number for a specific specimen geometry and load
conditions can be determined by any appropriate iteration routine. An example
along with the instructions is given in Appendix C.
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VIII. VERIFICATION OF MODEL

Four verification experiments were conducted to determine the accuracy
of the interpolative model. Test conditions were selected by the Air Force
after the completion of the model. They were:

Tests 1 - 2: 5370 C (10000 F), R = 0.3, 0.1 Hz

Tests 3 - 4: 704* C (1300* F), R =0.6, 0.1 Hz, 30 second hold

Results of the experiments were graphically present in form of a crack
length versus cycle number in Figure 46, and da/dN versus AK in Figure 47.
Included are the predicted curves as calculated by the model. Tabulation of
the data are given in Table 11. The average fatigue life of two verification
tests conducted at 593" C (1100' F) was within 30% of the prediction by the
model. The 704* C (1300" F) experiments were less accurately predicted; how-
ever, the average of the two tests were still within a factor of 2-1/2 on
total life. The extent of the accuracy of the model due to typical scatter
in crack growth testing will be reviewed in the next section.
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Table 11. Results of Verification Experiments.

S' N I11 1.:;E MIA- DOMO9 I 9A METH1 FU U PY1I~ I h- I1 SEE F CII IN 1:E PENT AL PD0 I h A!A. ME IH2L F O0H1 1ELiP!1'-l 016'1

SPEC NK. 5-2 N.. 1l1S7$ 3: S9EC NC. 5/hs 7-7 NC0. FIhTS- U
SFECIM[N:CI 9 . I. 61 2 IN. SF[CImEN:CT F- .5 IN. &i 2 II.
FMIN 1.33 IFS PA). 2.22 MIS &. .5950991 TEST FS9.- .1 H' PKI 1.333 NIPS PMAY- 2.2:: IPS k. .59991 TEST FkEO.. .1 H2
TE4F.- 130( 1 Eh¢IFC-MENT-A10 TIMF.. 1300 F E1CIE6T.9IF

ObS NO. CYCLES A DELK 0,A/'N 0IS NC. CYCLES A(HEA DELI 1,A/EN

I 0 .700 1 0 .700
2 100 .716 2 80 .712
3 11 .732 3 149 .725
4 254 .751 9.36 :.33C-:-04 4 232 .738 8.43 1.649 e-04
5 308 .758 8.70 2.566 -04 5 306 .750 8.5I 1.691e-04
S 3986 .793 9.95 2.0-9r-04 6 391 .761 0.71 1.761e-04

7 469 .806 9.24 3.31'e-04 7 455 .776 8.86 1.946t-04
9 577 .846 9.7, 4.014-04 8 499 .783 8.95 2.07e-04
9 640 .871 1C.10 4.5319-04 9 560 .796 9.12 2.C2-04
10 696 .99 10.48 5.135-04 10 635 .615 9.33 2.42:-04
II 734 .9$7 10.76 '.' 3-04 I1 736 .043 9.65 2.804.-04
12 776 .942 11.15 6.456:-04 12 08 .856 9.92 3.191e-04
13 824 .974 11.69 7.380 -04 13 939 .875 10.15 3.490e-04
14 U5E 1.9Of 12.17 6.307e-04 14 915 .899 10.43 3.869-04
15 899 1.036 12.68 .453t-04 I 952 .913 10.67 

4
.016t-0

4

16 924 1.059 13.38 .072e-03 16 986 .926 10.89 4.166:-04
17 954 1.094 14.15 I.180:-03 17 1019 .940 11.89 4.264-04
1 975 1.117 14.77 1.300e-03 is 1059 .95 11.37 4.606e-04
19 1002 1.160 13.90 1.4 1:-03 19 I"11 .983 11.13 5.317:-04
20 1022 I.182 16.70 1.6,9.03 0 1136 1.005 F2.25 6.120 -04
21 1053 1.239 10.65 2.0274-03 21 1205 1.037 12.16 7.094-04
22 1075 1.284 20.55 2.43%.-03 22 1253 1.071 13.67 1.230.-04
23 1087 1.317 22.05 2.661-03 23 1291 .187 1 4.46 9.358:-04
24 1097 1.345 23.48 3.032e-03 24 1325 .137 15.34 I.083,-03
25 1108 1.377 25.58 3.41-03 25 1345 1.161 15.96 1.249e-03
26 1119 1.412 28.31 3.923@-03 26 1358 1.17; 16.44 1.364:-03
27 1127 1.453 31.04 4.273t-03 27 1375 1.202 17.28 1.476 -03
29 1135 1.4B3 34.6, 4.458e-03 28 1390 1.226 18.09 1.587.-03

29 1142 1.521 39.67 4.442.-03 29 1417 1.274 19.86 1.773 -O3
30 1147 1.542 30 1437 1.302 21.53 2.100.-OS
31 1153 1.567 31 1449 1.331 22.93 2.384.-03
32 1157 1.593 32 1463 1.362 24.76 2.787.-03

33 1471 1.393 26.35 3.045,-03
34 1479 1.415 28.22 3.1.0-03

35 1489 1.447 31.06 3.4849-03
36 1496 1.47 " 33.31 3.5998-03

37 1305 1.503 36.33 4.191-03
31 1311 1.532
39 1517 1.5S4

40 1522 1.623
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Table 11. Results of Verification Experiments (Concluded).

SEVEN POINT INCREMENTAL POLYNOMIAL 9ETHO0 O1 I0 TE; 0D'01. SE Eo F01T lh.&WATAL PVC.hD'4IAL MEINDI FOP I0E' 0hlh IA F6

SPEC No. S/0 7-5 NO. POINTS= 46 SPEC NO. 13-3 NO. FCINTS- 46SFICO.~:CT b- .5 IN. U- 2 IN. SF[CIN[:CT 0' .5 10. W' 2 IN.PAIN .579 KIPS PNAX- 1.93 KIPS R= .3 TES1 FREG.- .1 HZ FAIN .56 KIPS PMAX 1.93 KIPS N' .3CC51)1 TEST FFEC.. .-TEFIF.- 1100 F ENV|RONEIII-AIR IboF - 1100 F (kV0100M EoA31

01S No. CYCLES A ME1N DA/DN OBS NO. CYCLES A 1EEK 06/0N

I 0 1.001 I 0 1.000
2 447 1.005 2 230 1.000
3 1032 1.011 3 961 1.017
4 1306 1.014 18.36 1.036.-OS 4 1001 1.026 l9.25 1.4OSe-0S
5 2904 1.031 19.37 1.l16e-0S 5 217 1.029 I9.35 1.4 3.-06 4614 1.050 20.01 1,169e-05 6 3000 1.056 19.99 1.3s6.-oS7 5109 1.051 20.20 1.231e-05 7 529 1.070 20.72 1.613e-09 5654 1.064 20.43 1.308P-OZ a 6766 1.096 21.62 1.e3e-CS1 6f04 1.06P 20.64 1.267e-OS 9 7928 1.121 22.43 2.160e-05

t0 6414 1.074 20.77 1.232e-O5 10 0627 1.136 23.09 2.16be-0,II 6852 1.010 20.96 1.246e-O 11 850 1.140 23.31 2.30fe-0512 7347 1.065 21.18 1.271.-OS 12 9174 1.146 23.62 2.41,e-05
13 7736 1.089 21.34 1.310e-05 13 9344 1.152 23.79 2.

4 
e-05

14 8192 1.096 21.56 1.414,-05 14 9710 1.163 24.22 2.674e-05
15 8431 1.100 21.71 1.472.-OS 15 10042 1.170 24.66 2.74.e-0516 0072 1.106 21.94 1.6Me-0, 16 10330 1.179 25.02 2.743e-C,17 9336 1.114 2Z.29 1.6048-0S 17 10645 1.107 25.45 2.533e-0S
10 9765 1.120 2Z.57 1.603e-05 1 10046 1.193 25.64 2.602e-OS19 9907 1.110 2Z.70 1.670e-05 19 11173 1.202 26.09 2.741e-05
26 10991 t.141 23.35 1.669t-05 20 11464 1.205 26.45 '.751P-O521 12298 1.164 24.34 1.917P-05 21 12885 1.259 29.30 4.2o2e-05
22 13320 1.113 2S.28 2.179e-05 22 13630 1.290 31.62 5.133e-05
23 14219 1.206 26.35 2.401e-05 23 14280 1.330 34.35 5.787.-0524 14714 1.311 27.00 2.550,-45 24 14502 1.341 35.43 6.4t1e-0525 15144 1.221 27.63 2.707e-05 25 14640 1.350 36.24 6.250e-05
26 15429 1.233 20.06 2.719e-05 26 14770 1.356 36.93 6.940e-0S27 15639 1.242 21.41 2.740.-5 27 14920 1.369 37.92 7.970.-0520 15929 1.252 28.87 2.903e-05 29 15130 1.301 39.72 9.865e-05
29 16264 1.260 29.51 3.086e-OS 29 15160 1.393 40.03 9.969.-0530 16659 1.270 30.26 3.323e-05 30 15240 1.399 40.80 1.077e-0431 17064 1.207 31.21 3.570e-05 31 15360 1.412 42.42 1.266t-04
32 17201 1.292 31.39 3.661,-05 32 15470 1.424 44.06 1.410e-0433 17409 1.299 32.13 3.913t-05 33 15560 1.439 45.74 1.699e-0434 17015 1.313 33.25 4.28e-O5 34 15640 1.454 47.40 2.043P-0435 10128 1.327 34.40 4.727e-OS 35 15750 0.473 51.20 2.737e-04
36 10393 1.343 35.49 5.351e-0S 36 15910 1.492 54.04 3.463e-0437 16566 1.352 36.31 5.796#-0$ 37 15640 0.505 55.87 4.249e-043 18857 1.366 37.92 6.022e-Ot 39 15670 1.517 50.39 4.930e-04
39 19154 1.389 39.97 0.340.-05 39 1591 1.522 59.44 S.200e-0440 19334 1.403 41.64 1.0,9e-04 40 15693 0.53, 60.67 5.992#-0440 19491 1.421 43.60 1.339t-04 41 15905 0.537 62.22 6.570,-04
42 19606 1.433 45.25 1.660e-04 42 15917 1.543 64.15 7.061-04
43 19773 1.464 49.42 2.39-04 43 15935 1.560 67.32 7.462e-04.
44 09922 1.49A 44 15947 1.569
45 199B7 1.521 45 159M3 1.562
46 20004 1.539 46 15980 1.94

78



IX. DISCUSSIONS

A. CHARACTERISTICS OF THE INTERPOLATIVE MODEL

The following characteristics of the interpolative model developed within
this program were considered significant features required by the model.

" Non-symmetric cyclic crack growth rate versus stress intensity

curves were generated by the model. In many of the experimen-
tal results, such as S/N 5-5 in Figure 18, nonsymmetric charac-
teristics of crack growth curves were observed. No physical

reasoning was known for suspecting crack growth behavior of a

sample to be symmetric about some point, even though a number

of models by other authors contain this characteristic.

* The model distinguished a difference between various wave pat-
terns of equal duration. For example,the growth behavior of
a slow cycle with short hold period was predicted differently

than a fast cycle with long hold period of equal time. This

approach varied from others (9, 10) where the use of total time
per cycle, regardless of the frequency or hold period, was used

to correlate the data. As noted in Figure 48, the use of

crack growth rate per unit time (da/dt) significantly reduced
the range of variation in the experimental results in compari-

son to crack growth per cycle (compare the variation in growth

rate between the experimental results shown in Figures 48 and
18d). Even though the variation was reduced on the da/dt plot,
an order of magnitude variation in crack growth behavior still

existed. This amount of variation, as will be shown later, was
unacceptable for low stress ratio conditions. The model was
developed by separating the cycle into two phases, the cycling

portion and a hold time portion. By this method it contains
the necessary ingredients to predict crack growth behavior of

difficult wave patterns such as fast cycles with short hold

periods.

* The model was developed so that each of the coefficients in the

modified sigmoidal equation (Equation 5) were independent and
related to the test variables. Three of the coefficients were
acquired from the inflection point region, an area generally

well defined. Two of the coefficients are the asymtotes. The
upper asymtotes were easily estimated (see Section VI B.1).
In the past the lower asymtotes have been considered to have
significant impact on life predictions. As will be shown in

the next paragraph, a wide range of variation in the lower
asymtote can be compensated by the lower shaping coefficient,
Q. The lower shaping coefficient was the final coefficient

evaluated, and calculated by performing a simple regression

analysis that produced the optimum correlation to the data
after the relationships of the test variables to the other

coefficients were known and implemented into the analyses.
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Figure 48. Results of 760°C (14001F) and Stress Ratio of 0.1

Plotted as da/dt Versus AK Rather than da/dN.
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0 The crack growth curves were asymrotic. It is easily understood
that such a behavior was expected when approaching the unstable
crack growth regime. At the lower end, the modified sigmoidal

equation had the flexibility of adjusting the lower shaping coef-
ficient Q, to account for the selection of the lower asymtote.
As shown in Figure 49 two cyclic crack growth curves are present,
one with a lower asymtote of 10.98 MPa /m (10 Ksi /in.)
and the other at 9.33 MPa /m- (8.5 Ksi /,in.). In regions above
2.5 x 10-5 mm/cycle (10-6 inch/cycle), no significant variation be-
tween the curves was present. Nor was there any difference indi-
cated in the life prediction using the two coefficients as shown in
Figure 50. Recall that the selection of AK* was based on high

frequency, no hold time experimental results that produced growth
rates in the 10-6 mm/cycle (10- 7 inch/cycle) regime. In most
turbine applications it is expected that life analysis would be

initiated within this region, partially a result of the current
capabilities of the reliable crack detecticn technique.

B. COMPARISON TO OTHER STUDIES

In order to accurately access the results of the inte polative model, the
capabilities of other predictive techniques and confidence within crack growth
data will be reviewed. Numerous studies have been conductged to describe crack
growth behavior of various materials at room temperatures. The effects of stress
ratio has been an ingredient of many of these studies. Of course, the influ-
ences of hold time and frequency are of little importance at room temperatues.
At elevated temperature where time-dependent damage can occur, some attempts
have been made to describe a material's capability to resist fatigue crack propa-
gation (9-17). A few observations from these studies are listed below.

1. In a study( 1 8) which included 68 crack propagation tests conducted

at room temperature under constant-amplitude loading and a single
set of conditions, the raw crack length versus cycle measurements
varied by 30% on the cycle coordinate. A factor of two in crack
growth rate at equivalent stress intensity values was constantly
observed in the da/dN versus AK when the seven point incremental

polynomial method was used to calculate da/dN.

2. In another study by Hudak(1 8 ) which included the development of
the three component interpolative model for room temperature con-
dition and stress ratios from 0.1 to 0.8, a 45% error was calcu-

lated when the model was used to predict the life of one of the
experiments used in the development of the model. Only eight of
the 66 experiments used to develop the model were evaluated by
the model.

3. A 2 to 1 intralaboratory (within the same lab) variability in
crack growth rate measurements was typically observed in an ASTM

round-robin program( 1 9) on crack growth variability. The overall
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interlaboratory vari.1ility was approximately a factor of three.
Fifteen laboratories participated within this program and all tests
were conducted at one condition (room temperature, 5 Hz, R = 0.1).
It was concluded by the authors that the state-of-the-art (1975)
variability under optimum room temperature testing conditions was
about 2 to 1 on da/dN at a given AK level for a single homogeneous
material.

4. The best simple correlation of hold time and stress ratio (R = 0.05
through 0.8) effects on Inconel 718 at 650* C (1200" F) was by the
maximum stress intensity value on a da/dt basis(10), This method,
however, produced a factor of 4-1/2 on crack growth rate at mod-
erate growth rates with larger variations at low and high growth
rates. In another study( 20) on the same material, a factor of
two was observed in the crack growth rate 427° C (800' F) for
three stress ratios (R - 0.05, 0.333, and 0.5) when the Walker
expression was used to correlate the data. The highest measured
growth rate in this study was only 5 x 10- 5 inch/cycle since the
specimens were not cycled to failure.

5. In reviewing the variation of creep crack growth rate experiments,
it was noted(2 1) that crack growth rates at a given value of AK
is about a factor of thirty. A much less variation a factor of
four, was noticed in the work done in another studyt22) on Inconel
718.

Based on these room-temperature studies, the interpolative model was ex-
pected to have a minimum error possibility of a factor of two. The elevated
temperature environment could possibly increase this factor. Furthermore,
based on typical creep crack growth data, the error probably would increase
with increasing stress ratio.

C. ASSESSMENT OF INTERPOLATIVE MODEL

In order to assess the reliability of the interpolative model, a measure
of variation was achieved by predicting the life of experimental conditions
used to generate the model and comparing those results of the experimental
data. For each test conducted in the primary test program, the test condi-
tions were entered into the interpolative model and the coefficients of the
modified sigmoidal equation calculated. An intergration of the equation with
the coefficients was then conducted for each condition by the Gauss Quadrature
technique, resulting in predictions of crack length and cycles number. For
any experiment that the da/dN versus AK curve was determined by successively
increasing the crack length or loads, only the final segment was analyzed.
Tabulated in Table 12 are comparisons between the predicted and actual number
of cycles to failure. Also included are the ratios between the two lives.
With the exception of two specimens (S/N 11-2 and 10-7), the predicted lives
were within a factor of three of actual life, with 93 percent of those within
a factor of two. Shown in Figure 51 are plots of the logarithm of the ratio
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Table 12. Predicted and Actual Lives from a Given Crack Length of
Specimens Conducted in Primary Test Matrix.

In I tal
Ratio of Crack

Predicted Length
Specimen Predicted Actual(a) Versus For
Number R RT v 1T Life Life Actual Prediction

8-4 0.1 1000 2.5 9 53,000 52.429 1.011 0.875

10-6 0.25 0 70,500 74,877 0.942 0.819
8-1 9 79,100 107,345 0.737 0.795

10-3 90 7,200 6,725 1.071 1.021
4-7 300 770(c) 1,031 0.747 1.404

10-2 0.025 9 3,400 2,883 1.200 0.923
5-8 1200 2.5 0 73,800 74,512 0.990 0.776

13-2 90 1,820 1,561 1.166 0.790
9-4 0.25 0 65,300 59,334 1.101 0.772

9-1 90 5,050 5,479 0.922 0.745
8-3 300 750 1,341 0.559 0.937

11-5 0.025 0 8,960 7,837 1.143 0.899
9-7 90 1,080 1,217 0.887 0.883

5-6 1300 0.25 0 24,450 25,450 1.000 0.798
4-5 300 180 188 0.957 0.839

11-4 1400 2.5 0 78,600 55,200 1.424 0.720
3-3 9 1,060 1,270 0.835 0.738

9-3 0.25 0 11,700 12,723 0.920 0.824
7-4 90 82 78 1.051 0.833
5-5 300 54 53 1.019 0.710

8-8 0.025 9 1,010 964 1.048 0.777
5-7 0.5 1000 2.5 Q. 241,800 305,450 0.792 0.813
4-3 90 1,380 3,058 0.457 1.015
5-3 0.025 0 3,720 3,535 1.052 0.983
8-7 90 b

11-7 1200 0.25 9 7,110 9,906 0.718 1.044

11-1 3,140 3,088 1.017 1.189
8-5 29,100 13,512 2.154 0.787

4-6 27,700 28,156 0.984 0.792
9-8 1400 2.5 0 6,360 10,604 1.667 0.810
7-8 90 123 140 0.879 0.714

3-1 0.25 0 10,900 8,350 1.305 0.677

4-1 0.025 0 307 237 1.295 0.856
4-2 90 130 101 1.287 0.795

11-2 0.9 1000 2.5 9 92,000 16,997 5.413 1.142
4-8 0.25 0 84,000 112,400 0.747 1.038

10-1 90 1,260 3,416 0.369 1.228

5-1 2.5 9 c
11-6 1200 2.5 0 470,000 421,282 1.116 0.765
8-6 90 640 530 1.20 0.863

10-5 0.025 0 4,700 3,413 1.377 0.775

3-4 90 350 508 0.689 0.799
5-2 1400 2.5 9 400 526 0.775 0.815
4-4 0.25 0 965 1,050 0.91b 0.815

10-7 90 520 129 4.031 0.804
11-8 0.025 9 112 168 0.667 0.764

(a) Life of Final Segment of Test Without Load Increases or Crack Extensions

(b) Equipment Malfunction

(c) Specimen failed During Crack Extension
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of the actual and predicted lives versus each of the four test variable. As
noted, the predictions of the primary matrix experiments were evenly scattered
from the ideal prediction line. The verification test predictions were non-
conservative but within the range of deviation of the primary matrix pre-
dictions. It is obvious that the deviation was proportionally related to
stress ratio which can be explained by the increase in scatter in creep crack
growth experimental results in comparison to cyclic crack growth experiments.
While the modeling of the stress ratio effects on the inflection point was
somewhat complex and requires a minimum of three levels of stress ratio, the
use of the Walker Expression (Eq. 1) was found considerably less accurate as
indicated in Figure 52. The deviation of temperature and hold time were
generally uniform. It appeared that the deviation increased with increasing
frequency; however, this is believed to be attributed to the fewer tests con-
ducted at slow frequencies.

D. ERRORS IN THE MODIFIED SIGMOIDAL EQUATION

1. Precracking Method Influences

As with any model of this nature, the typical scatter of the experiments
will produce different impacts on the life predicting success of the
model. In the construction of the primary test matrix, four replica
experiments were placed at the center of the hypercubroctahedron box
design. The results of the four replica tests, conducted at 6490 C
(1200° F), R = 0.5, 0.25 Hz and 9 second hold period, are present in
the plot of da/dN versus AK in Figure 41. As noted, a factor of three
differences in growth rate was determined from the experimental results
which might be considered high, based on other studies. If the one set
of data was eliminated (Specimen 8-5), the scatter in the growth rate
was reduced to less than factor of two. In examination of the four
experimental results, it was noted that specimen 8-5 was the only speci-
men of the four which was prepacked at room temperature. Shown in
Figure 53 are photographs of the fracture surfaces for specimen 8-5
along with that of specimen 11-1, also tested at the same conditions.
Note that the crack front of specimen 8-5 was initially uneven and, in
fact, remained uneven throughout the test. The difference between the
two surface crack lengths was 0.090 inch at the start of the experiment
and finished at 0.066 inch. This was not uncommon for many of the room
temperature precracked specimens. Additionally, many of the room tempera-
ture precrack specimens had considerable curvature at initiation of the
elevated temperature tests which rapidly decreased after little growth
(see Figure 10). It is believed that there was an influence on the
da/dN versus AK results when the surface crack measurements were uneven
or if significant change in the crack front occurred shortly after the
initiation of the test. The exact influence that these observations
had on the growth rate behavior or calculation are not understood by
the author.
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2. Effect of Observed Scatter at the Replica Test Condition

The variation in crack growth behavior in the results of the replication
experiments, along with observations from other studies was applied to

each of the coefficients of the interpolative model to establish the

least overall possible error within the model. Of the four replication

experiments, Specimen 4-6 produced an extremely good correlation by the
"best fit" model as indicated in Figure 54. Its initial crack length

and test loads were selected to study the effect of the observed scatter
in the data. The value of da/dN at the inflection point was varied so

that a factor of two existed. The stress intensity at the inflection

point was varied by a total factor of 1.25. The slope of the inflection

point, asymtotes, and upper shaping coefficients were varied by ± 10%.
Each of the values were separately fixed within the interpolative model
and the coefficients of the modified sigmoidal equation determined. In
Figure 55, the effect that these changes had on the crack growth calcu-

lation are graphical presented. The location of the inflection point

appears to have the largest impact on life and can easily be determined.
The lower asymtote has somewhat less impact. Less than a factor of two
change in life was noted due to a change of any one of the coefficients
within the limits set above (Figure 55A through 55c). When the modifica-

tions were combined to form a worse case condition, the influence was

approximately a factor of three (see Figure 55D).

3. Effect of Scatter in the Verification Tests

Since the interpolative model was accurate only within an average factor

of 2-1/2 for the 704 ° C (13000 F), R = 0.6, and 0.1 Hz with a 30 second
hold verification test condition, the source of error of this test con-
dition was examined. In the comparison of the crack growth data versus

the prediction (Figure 47), it was obvious that the predicted location
of the da/dN at the inflection point was at least a factor of two lower
than the data. Furthermore, the lower asymtote appears somewhat in-

correct in the prediction. If the inflection point was increased by a
factor of 2.25 and the AK* decreased by 10%, the verification test

condition would have been accurately preducted (see Figure 56). Errors
by the model in determining the coefficients of the verification con-
dition were close to what was considered typical variation in crack-
growth data.

In consideration of the test conducted within the primary test matrix
with conditions close to surrounding the verification test condition,
it was noted that experimental data was scarace. For example, the only

649' C (12000 F) tests conducted at the stress ratio of 0.5 were the
four replica test at a single condition (0.25 Hx plus 9 second hold

period) which produced a calculated inflection point at 1.8 x 10 - 3

mm/cycle (7 x 10- 5 inch/cycle). At 760 ° C (1400° F) and stress ratio
of 0.5, the nearest experimental results were from tests conducted at

0.025 and 2.5 Hz without hold periods, with resulting inflection points
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of 3.0 x 10-1 mm/cycle (1.2 x 10-2 inch/cycle) and 7.6 x 10-3 mm/
cycle (3.0 x 10- 4 inch/cycle). Thus, the nearest relative conditions
to this verification test were at temperatures of ± 38° C (100* F), a
slightly lower stress ratio, and most importantly, resulting growth-
rates at the inflection point of almost an order of magnitude difference.
As would be expected, some inaccuracies exist within the modeling. In
retrospection of the primary test matrix, some comments appear worthy.

E. CRITICAL TESTS FOR MODEL APPLICATIONS

Prior to discussing the required amount of data required to apply the
interpolative model for another material, the test matrix used to develop this
model wili be reviewed.

I. The Designed Matrix for This Program

Tests conducted to develop the interpolative model were based on the "4-
factor hypercuboctahedron" test matrix design, with ten additional test
conducted to enhance the matrix. Figure 57 illustrates the designed
matrix. Each circle in the figure represents a single test, except for
the solid point at the center which represents the four replication ex-
periments. The five X's in the figure indicate the conditions where the
extra tests were added to enhance the matrix. The other five additional
tests are listed.

The hypercuboctahedron designed matrix populates the majority of the ex-
periments at the extremeties of each test variables. When a model is
already known, this type of design permits a more uniform confidence in
the predictions as a function of the test variable. If the test condi-

tions had been evenly distributed within each test variable, then the
best confidence in a prediction would be expected at the center with
less confidence at the extremeties. It should be noted that the basic
hypercuboctahedron test matrix does not include three levels of any
single test variables to be examined while the other variables are held
constant. Therefore, ten tests were added to the hypercuboctahedror
test matrix to supplement the test program. Four of the ten tests were
conducted at conditions which results were redundant of the results
collected from the hypercuboctahedron matrix program. For examples,
specimens 4-7 and 8-1 were conducted at 538* C (1000* F) and stress
ratio of 0.1, a condition where crack growth was known, from the other
data, to be time and cyclic independent (see Figure 19a). The other two
tests, specimens 9-4 and 9-1, were conducted at the mid-frequency level
(0.25 Hz) at 648 ° C (1200 ° F) and a stress ratio of 0.1. The two outer
frequency level experiments from the hypercuboctahedron designed matrix
produced essentially identical crack growth curves. Since specimens
9-1 and 9-4 showed that there was no in crack growth between the high
and low frequencies, as would be expected, no new information was added
by the test at 0.25 Hz. While temperature and long hold time effects
were well defined for the stress ratio of 0.1 and frequency of 0.25 Hz
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by four of the remaining six additional tests conducted to enhance the
program, there was only a single set of conditions [760' C (1400 ° F), R
0.5] in which three levels of frequency were examined. At this condition,
a significant frequency effect was present. There was no single condition
where three levels of hold time were conducted except at 538 ° C (1000 ° F)
where hold time did not have an influence on crack growth behavior.

During the development of the model, because of voids in the matrix, ap-
proximations of crack growth behavior were required. At some conditions
the approximations were obvious. For example the 9 second hold time,
760* C (1400 ° F), and 0.25 Hz point in Figure 26 was derived from the 2.5
and 0.025 Hz with 9 second hold period experimental results which produced
essentially identical crack growth characteristics (see S/N 3-3 and 8-8 in
Figure 18). Other conditions, especially at the center of the matrix,
the approximations were more difficult and required consideration of two
or more test variables. In hindsight, the approximations could have been
simplified by a better selection of the ten extra test conditions.

2. Test Requirements for Model Development of a Similar Material

During the model development, a few observations were made and assumed
valid. These observations, as listed below, will be considered appli-
cable in establishing the recommendations for applying the interpolative
model to similar materials.

1. The vertical location and slope of the inflection point was
linearly related (logarithmic coordinates) to the length of
hold time (see Figure 26).

2. The vertical location and slope of the inflection point for
continuous cycling conditions was linearly related to fre-
quency (see Figure 24) except for high stress ratio and
temperature situations when blunting slowed down the crack
growth.

3. For each temperature and stress ratio combination, the hori-
zontal position of the inflection point was linearly related
to its vertical position (Figure 23).

4. The vertical location and slope of the inflection point was
related to I-R; however, for a given tempeature and wave pat-
tern, the location and slope will not exceed a saturation
level (Figure 25 and 27).

5. The upper asymtote was related only to stress ratio (Equa-
tion 11).

6. The lower asymtote was related by the expression suggested
by Klesnil and Lukas' (7). The constants were, however, a

function of temperature (Figure 22).
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The following minimal tests were required, using these assumptions, to
apply the model to a similar material without the necessity of estimating
crack growth behavior through the interactions between test variables, as
required in this program. To determine the coefficients for the linear re-
lationships (Equation 21) between the vertical location and slope of the in-
flection point, and the frequency for the continuous cycling conditions (as in
Figure 24), two tests are required for each stress ratio and temperature com-
binatiLn. Considerin& three levels of stress ratio and temperature, this
would require 18 tests. To evaluate the hold time damage factor as discussed
in Section VI, B.4.6, the vertical location and slope of the inflection point
are assumed linearly related to the length of hold time. Thus, two experi-
ments are required to determine the relationship (Equations 24-26). Since
these relationships will vary for each temperature, frequency, and stress
ratio, a total of fifty-four tests are required when three levels of each
variable are examined. For best results, conditions should be selected so
that the tests produce both a large and small magnitude of hold time damage.
By collecting the information for these two relationships,the other relation-
ships between the test variables and coefficients are easily attainable.
Thus, 72 tests are recommended.

If the tests were conducted in a systematic fashion, the number of tests
could be reduced as results were accumulated. For example, in the case of AF
115 at the stress ratio of 0.1, there was not a frequency or hold time effect
at 5380 C (10000 F), or a frequency effect at 6490 F (1200* F). In considering
this, only three tests would be required at 5380 C (l0O00 F), two frequencies
and one hold time, rather than eight tests recommended above. At 6490 C
(1200 ° F), the number of tests could be reduced by three by examining only two
frequencies and three hold periods.

Additional reduction in testing might be possible if additional assump-
tions are made. For example, at stress ratio of 0.1, the slope between the
hold time damage factor and hold time might be constant as suggested in Figure
26. Another assumption might be that if the cyclic frequency could be con-
sidered insignificant for long hold time conditions, then only one frequency
would be required with a long hold period. Near the creep regime, the data
might be well correlated by da/dt rather than da/dN, thus reducing the number
of test in the area. Each of these areas need further exploration to deter-
mine if and when these observations are valid.

Testing costs and time to acquire this information could be greatly re-
duced by the method proposed by Gangloff (24) in which the entire range of
stress intensity normally found in compact tension specimens is acquired much
faster in cylindrical bars with EDM notches. As an example, the efficiency
of this approach can be made using the coefficients of the modified sigmoidal
equation generated in this program for 6490 C (12000 F), R - 0.1, 0125 Hz.
With an initial crack growth rate of 1 x 105 mm/cycle (4 x 10- 7 inch/cycle),
the testing time in this surface flawed tensile bar would be reduced from II
days down to 27 hours. Furthermore, material requirements can be reduced
since the specimen material required for surface flawed tensile specimen is
considerably less than the compact tension.
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The purpose of this program was to develop an improved understanding of
crack growth behavior of AF115 and to develop a method for predicting its be-
havior under turbine operating conditions. The quantity of data generated
in this program were by no means sufficient for design purposes, especially
since only a single heat of material was examined. Four heats of material
might be considered the minimum acceptable quantity to be investigated before
the retirement-for-cause concept could be considered for life management of
AF115 or any other turbine disk material. Consideration must be given to
the number of tests per independent variable. The manner in which the data
are analyzed must be considered since it has been shown (18) to significantly
impact the statistical confidence of the predicted properties. For example,
the incremented sliding polynomial technique (as used in this program) pro-
duced different scatter than the Secant method which calculates the slope
between each set of adjoining crack length versus cycles pairs. Surprisingly,

the modified Secand method was found to introduce the least amount of vari-
ations into the growth rate data, even over more complex techniques. This
method averages two adjacent crack growth rates, calculated by the Secant
method, so that the growth rate data coincide with the original crack length
versus cycle data.
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X. CONCLUSIONS AND RECOMMENDATIONS

An interpolative model has been developed to determine crack growth be-
havior of AFII5 under a wide range of test conditions typical of disk oper-

ating conditions. The following conclusion and recommnedations are made from
the observations generated during in the development of the model and verifi-

cation of it.

1. The range of the test variable examined had a significant influence
on crack growth behavior of AFII5.

2. Linear-elastic-fracture mechanics can be used to predict crack
growth behavior of a single geometry and limited load levels how-

ever, this has not been verified for other geometries.

3. The modified sigmoidal equation and its coefficients is capable of
predicting the typical, non-symenetric crack growth rate curve for
various test conditions by equating the coefficients to the test

variables.

4. The scatter associated with cyclic crack growth rate testing is a
factor of three or more at a stress ratio of 0.5, possible due to

to the use of the room-temperature precracking techniques for many
of the experiments conducted within this program. It is recommended
that future elevated temperatures crack growth rate testing he con-
ducted with precracking conducted at elevated temperature with final
conditions being at actual test conditions.

5. The possibility of error associated with the interplative model in-

creases with increasing stress ratio. It is recommended that a
statistical evaluation of the range of scatter of typical crack
growth rate experimental results be evaluated.
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34.34 0.6430000[-04 25.29 0.47300000-04 8.93 8.20400000-05
34.51 0.65000000-04 26.37 0.43900000-94 ?.It 0.26700000-05
34.69 9.65700000-04 27.01 0.44900800-04 9.23 0.200000E-05
34.9? 0.66100000 -04 27.57 0.45380000-04 9.29 0.21,10000[-05
35.06 2.67100000-04 29.77 0.55300000-04 9.32 0.2170000[-0'
35.21 0.69990000E-04 30.10 0.73700000-04 P.36 0.20300000-01
35.46 0.7000000E-04 35.28 0.1540000E-03 9.39 0.2110000E-05
35.i6 0.71100OOE-04 36.71 0.20700000-83 9.44 0.210500000-05l
35.86 0.72900000-04 42.67 4.7610400E-03 9.46 0.15200000-)5
16.06 0.73900000-04 49.95 0.3590000[-03 9.58 0.16'0000E-01
36.30 8.76400000-04 54.00 0.46100000-03 9.72 0.25900O00-05
36.54 0.766000&0-04 62.90 0.600000O-03 9.70 0.27400000-OS
36.79 0.921000-n -04 77.10 0.95400000-03 9.84 0.28.100001-0'
37.03 0.95000 00-04 13.10 0.19000800-02 9.92 0.31400000-OS
37.30 0.90090000-C-4 9.99 0.25400000-05

37.590 0.900000-04 .700E0

30.24 0.10900000-03 00051000 8616 P0INTS A40 ADDITIONAL POINTS EXTRACTED' FR0M T041 CU000. 10.11 .'00-5
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SPECIMOM 1N0. 10-2 SPEIMN O.1909PE I 5900 4 NO.i SPECIMENi NO. 11-4

BELK 90DN EL DADN B096ELK D EIlb

3.22 0.1250000E-03 11 .06 0.7180000E*05 15.65 0.1100080E-a19.32 0.50000000-05 3.24 0.13100000-03 11 .12 0.73800000-05 a59 0.020-0,o21.89 0.76000000-01, 3.29 0.12900000-03 11.17 0.74000000-O' 186.2 05
9
00-35.59 0.2500000E-04 3.3 0.1300000E-03 1 1.28 0.900E0 1653 0.64000

4.7 .5000-4 3.36 0.12100000-03 11.41 0.700EO 16.90 0.63800000-0141.50 0.5710000104 3.40 0.12200000-03 11.55 0.90200000-05 17.43 .0Og~g
4.5 .6000-4 3.41 0.11100000-03 11.71 0.1090000E-04 17.90 0.75400000- 0543.75 0.69600000-04 3.47 0.1070000E-03 11.90 0.;2000000-04 1.86.00-045.14 0.6130000E04 3.51 0.11400000-03 12.11 0. 30DO04o 96 0.200000E-01

46.89 0.95300000-04 3.54 0.10900000-03 12.34 0.1400000[-04 19.8! 0.9200000-04
491 .1600-3 3.56 0.10300000-03 12.59 0.i5000000-04 22.66 0.13600000-0450.98 0.13900000-03 3.62 0.1090000E-(, 12.88 0.15900000-04 24.13 0 1610000E-0453.42 0.16900000-03 3.67 0.1100000E-03 13.19 0.16900000-04 25 .13 0 1 7 00000E-0456.65 0.21200000-03 3.71 0.110000E-03 13.52 0 1770000E-04 27 .10 0.20300000-0461.43 0.2670000(-03 3.76 0.120000DE-03 13.90 0 1850DO00-04 2980.400-4

64.93 0.36200000-03 3.79 0.13200000-03 14.09 0.1900000E-04 30.51 0.24700000-04
70.08 0.49300000 387 170000-03 1.0 01300-4 30.51 0.32400000-04
74.73 0.82700000-03 3.98 0.17900000-03 14.52 0:1990000E-04 33.37 *.Hfo0000904

SPECOI4M N0. 10-3 4.06 0.18400000-03 14.75 0.20400000-04 35.57 0.4770000[-04
4.15 01 1200OE-03 20.10 0. 5110000E-04 36.56 0.61500000-o4BELK 00011 4.35 0.1690 0 00E-0,3 20.31 0.51900000-04 43.16 0.105000D0-o3
4.47 0 17100000-03 20.51 0. 52600000-04 55.62 0.19600000.0318.06 0.24260000-05 4.57 0 1 6 500 0 E-03 20.7 3 0.53200000-04

18.45 0.25800000-05 4.70 0.1400000[-03 21.21 0.57500000-04
18.80 0.29370000-05 4.75 0.13700000-03 21.67 0.6100CJOE-04
21.55 0.60000000-05 4.82 0.1490000E-03 22.54 0.72800000-04 SPECIMOM NO. 11-5
25.02 0.9OOOOOOE-05 4.89 0.14900000-03 23.27 0.65100000-04
29.86 0.1100000E-04 4.95 8.1400000E-03 24.18 8.90200000-04 BELK DMD
30.21 0.13200000-04 5.03 0.17000000-03 25.33 0.11500000-03
30.60 0.13900000-04 5.16 0.19300000-03 26.85 0.13400000-03 25.75 0.10800000E-04
36.20 0.27200000-04 51.25 0.16700000-03 28.66 0.18300000-03 28.98 0.2120000E-04
37.08 0.30000000-04 5.39 0.17700000-03 31.32 0.1810000E-03 29.60 0.22900000-04
38.06 0.32600000-04 5.91 0.26600000-03 32.93 0.19100000-03 29.81, 0.24800000-04
39.16 0.35300008-04 7.13 0.41700000-03 34.8! 0.20500000-03 30.13 0.26600000-04
40.42 0.3860000E-04 7.32 .0.49400000-03 36.99 0.22100000-03 30.34 0.2820000E-04
41.08 0.42900000-04 - - 39.45 0.24600000-03 30.60 0.29300000-04
43.62 0.4800000E-04 SPECIMEN NO. 10-6 ' ~ 42.43 0.32500000-03 30.72 0.30000000-04
45.79 0.57700000-04 45.45 0.40600000E-03 31.07 0.2710000E-04
47.12 0.6580000E-04 BELK AD 49.60 0.55000000-03 31.26 0.28100000-04
48.78 0.70300000-04 49.00 0.70008000-03 32.27 0.32500000-0449.53 0.92200000-84 18.64 0.3820000E-05 49.50 0.15000800-02 32.53 0.38500000-04
50.46 0.10800000-03 19.23 0.4680OE~0-05 32.96 0.4170000[-04
51.62 0.12200000-03 20.01 0.55100000-05l SPECINEM NO. 11-2 33.51 0.45400000-04
53.03 0.14400000-03 20.83 0.60400O000O5 34.16 0.49300000-04
54.79 0.16900000-03 21.80 0.68200000-oS BELK 8608 35.01 0.57100000-04
56.93 0.20400000-03 22.99 0.77900000-05 3-.34 0.5740000[-04
59.72 8.24800000-03 24.43 8.93600000-05 6.07 0.33300000-06 35.66 0.57900000-04
63.17 0.32708000-03 26.50 0.II?00000-04 6.07 0.14500000-05 39.07-000[0
60.70 0.44800000-03 29.61 0.15600080-04 6.07 0 .1 560000E-05 3.01 0.70000000-04

35.48 0.24000000-84 6.10 0.2;40000E-05 40.*55 1.1440000E-04
6.11 *.230043.97 0.1140000[-036.1 0. 0OO-5 49:64 0.1940000E-036.13 8.27200000-05 540 .20OE3SPECIMEN MO. t8-7 6.18 0.34600000-05 54803200-3

6.30 0:44200000-058010800 6.32 0469000E- 05

1.66.35 0.3800800E-051.6 0.24600000-02 6.38 0.46 3008OE-05
1.84 0.32400000-02 6 .39 1.6 900008
1.89 0.3780000E-02 6 .41 0.6,6000001-015
1.95 0.43700000-02 6.39 .20000
2.01 0450000 6.5 0.6200000E-05

2.7 0.4500000-02 6.5 0.540000E-05
2.04 0.58100000-0' ,, 1:40OE0

2.4 0510O- 6.57 0.32400000-052.22 8.63800000-02 6.59 0.20600000-052.32 M.72400000-02 6.73 0.21700001-05
2.44 0.80900000-02
2.58 0.92600000-02 6.85 0.2650000[-05

2.5 0.10OO-1 6.86 0.2580000E-05
2.75 0.11000of-0l 4.8 0.20000000-05

3.041 0.13100000E-01 6.80 .10OE0

4.01 0.1920OEO .0 .200000E-05
6.91 0.2120000E-05
8i.86 0.1007000[-04
8.93 0.10560000-04
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APPENDIX B

PRECRACAING CONDITIONS --------------------.. POECRACKING CONIITIONS. .

SP---. 3.3 -SPEC Z. 4-
liit. IEAP.- 70 F IIT. LOAD- 0 LOS IIT. STRESS RATIO: .03 It. (MP.' 1200 f INIT. LOAD' 1100 LOS 1011. SIkSS RATIO' .
FINAL TEMP,' 70 F FINAL LOAD- 0 LIS FINAL STRESS RAIO' .03 FINAL lEAP.' 1200 F FINAL LOAD' 4000 LIS FINAL STRESS RATIO' .5
NI. OF INCRETS 0 No. OF INCREMENTS 5
FINAL SIZE LT. SIDE' .101 RT. SIZE- .015 FINAL SIZE LT. SIDE' .216 RIT. SIDE- .225

NO. POINTS- 25 NO. POINIS' 21

PIN .053 KIPS P0A6' 2.053 RIPS R- .0250151 PIN# .75 KIPS PAX- 1.5 KIPS A. .5
EAF.' 1400 F ENVIROANEAT'AIR iNP.' 1400 F ENVIRONNEAIAIR
SPECIREN:CT I. .4905 IN. 0' 2 SPECINE1sET l- .502 IN. A' 2.002

obs NO. CYCLES A(REAS.) REMARKS os NO. CYCLES ACREAS.) RENARKS

I so ."9 I 0 .739
2 100 .600 2 23 .763
3 200 .601 3 43 .801
4 400 .604 4 50 .021
5 1000 .610 5 55 .037
6 2000 .621 A 59 .139
7 3000 .633 7 66 .065
a 4000 .645 a 71 .A8f
9 5000 .659 9 77 .909
10 6000 .673 I0 13 .947
II 000 .703 11 06 .903
12 10000 .734 12 19 1.004
13 12000 .76' 13 94 1.047
14 14000 .609 14 99 1.086
IS 16000 .659 IS 104 1.136
IA 16000 .911 16 Io 1.175
17 20000 .906 f7 III 1.22V
Io 22000 1.067 10 115 1.321
1 23000 1.133 19 116 1.364
20 23500 1.192 20 121 1.450
21 24000 1.249
22 24300 1.302
23 24500 1.359
24 24700 1.424
25 24797 1.475

PRECSACKING NONDITIONS

OIt. TEAP.' 70 F ?NIT. LOAD' 0 LDS INIT. STRESS RATIO' .5
FINAL TEMP.' 70 F FINAL LOAD- 0 LIS FINAL STRESS RATIO' .5
NO. OF INCRENOATS 0
FINAL SIZE LI. SIDE' .259 AT. SlOE' .244

NO. POINTS' IN
P"IN .7 NIPS PNAX 1.4 KIPS 0' .5
TEMP.- 1400 F ENVAOIRNMET'AIR
SPECINEN;ET N- .494 IN. N- 2.002

015 No. CICLES AINEAS.) RMARKS

I 0 .017
2 12 .85A
3 99 .910
4 113 .906
5 140 .982
A $so 1.006
7 IS6 1.016

1 405 1.063
4 475 1.100
10 192 1.133
II 190 1.179
12 207 1.292
13 214 1.161
1A 225 1.417
IS 229 I.S4

_IL .21 1 592

IN 217 1.670 exceeds ASTh crack length requirement
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SPEC NO. 4-3 NO. POiNTS. 171811. T100.. 70 F INIT. LOAD- 0 LIS INIT. SRESS RATIO- .5 P0]1 1.015 NIPS P4N6. 3.63 KIPS 4. .3
FINAL TEMP.. 70 F FINAL LOAD- 0 LIS FINAL STRESS RATIO. .5 TENP.. 1000 F ENINONENT.A6kNo. OF INCN[ENNTS 0 SPECINIACl j. .496 I. V. 2
F!NAL 12E LI. S|Ot- .272 NT. SIDE- .194

0 5 No. C CLES A( ME[ S.) RENARNS

No. POINTS. 30
P41 1.5 KIPS PRAX. 3 KIPS R. .5 1 0 .858_ENP.. 1000 F ENVINONNENTA61 

2 31 .658
SPECIE.ICT 1. .496 IN. U. 2 3 48 .661i4 

134 .04S 161 .461

OS NO. CYCLES A(EAS.) REOARKS 6 214 .862

7 563 .863
1 701 .6630 .762 9 847 .364

2 50 .782 IC 917 .1663 500 .782 II 9 9
4 1470 .785 12 1096 .069
5 3131 .796 13 146
6 4605 .406 14 2417 .6757 4658 .606 Is 2545 .N76a 4705 .10N 16 2630 .179
9 4787 .408 17 2770 .80

10 5165 .104
It 5407 .i04
12 5514 .813
13 5609 .115
14 5756 .416
Is 5620 .817
16 6120 .817
17 6346 .817
is 6456 .819
19 6560 .819
20 6676 .123
21 6751 .023
22 4050 .627
23 6285 .927
24 4356 .028

25 6617 .831
26 8665 .831
27 8964 .832
24 9147 .83?
29 9335 .934
30 9369 .034

NO. POINTS. 17
P1I9N 1.65 KIPS P84X 3.3 KIPS N- .5
TE .-. 1000 F EIRONNEqT.IR
SPECIRE~sCT l- .496 IN. U, 2

ots "a. CYCLES io61AS, tEnARKS

1 0 .134
2 8 .835
3 63 .036
4 133 .837
3 192 .437

6 220 .837
7 255 .137
a 094 .940
9 1000 .942

10 1130 .042
It 1466 .849
12 1957 .051
1] 2131 .453
14 2483 .053
15 2760 .153
16 27 .857
17 2911 .457
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NO. POImos. 12 NO. POINTS. 0
PNO . 9 PONS 12 93IpMqIN 2.197 KIPS PRAI. 4.392 KIPS 1. .5002277
PflIK 1.997 KIPS PAlAl- 3.993 KIPS 1- .5001252

u£mp., 1000 F (Mgv~kO IAIt2
TINP.. 1000 F IKVIkONME£T8&0 R sp 00C 0 ;c IN.818
SPECINEIsCT 1- .4906 1. N- 2

ODS NO. CICLES A(AEAS.) REMRKS ol 00. CYCS A(RINS. REMARKS

I 0 .895

1 0 .080 2 6 .:
2 4 .880 3 o0 .196
3 18 .0 4 232 .:96

4 214 .8? 5 432 .06

5 292 .903 6 657 .90.

0 405 .84 2 733 .904
7 442 -8 * 831 .904
1 '06 .898 877 .90,

O 704 .009 10 963 .90!
00 977 .690 II 1355 .909
ii 105 .693 12 1422 It,0

12 1227 .893 13 1448 .91

14 1478 .91

15 1522 .912
16 1302 .914

17 1093 .910

I8 1107 .920

NO. POINTS" 19
P018m 2.197 KIPS PNAl- 4.392 KIPS 0- .5002277 NO. POINTS- 32

PH14 2.41? KIPS P9AX; 4.83' KIP$ R- .500310,

TEMP.- 1000 9 ENVIRONMENTAIR

SPECI[ME:C1 D- .496 IN. 8. 2 TMP.. 1000 f tNVINSMMENT-AIk

SPECIEN[:ET l. 4o IN. W-

asS N0. CYCLES (NEAS.) REMARKS

0s 0. Ct1i L AIAOAS.) NU981KS

1 0 .959

2 25 .93 0 1.001
3 314 .93 2 14 1.004
4 354 .903 3 67 1.00
5 390 .963 4 130 1.007

0 430 .964 5 it6 1.008
7 494 .969 6 241 1.009

8 536 .972 7 492 1.013
9 020 .93 8 587 1.017

10 762 .975 9 707 1.029

It 949 .977 10 1238 1.05

12 931 .901 11 1291 1.063

13 1269 .984 I? 1329 1.007

14 1441 .990 13 1033 1.06P

05 5 509 .993 14 1431 1.070

16 1607 .993 IS 0463 1.0'1
17 1778 .0 16 1510 f.073

10 1830 .991 07 154 1.070

09 0950 1.001 09 2194 1.113

19 2250 1.116
20 2306 0.024
20 2337 .130

22 2372 1.138
23 2409 1.139

24 240 1.143
25 2583 ,4'
26 2751 1.179
27 290 0.090
28 2904 1.197
29 292801.201

30 2990 1.225

31 3012 1.240

32 3052 0.250
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... ..... PRECRCKINGO CONDITIONSSPEC NO. 4-7 sr[cs PRECN4CRIN..C.....I...

I161. TEN?.. FOOT F ONIT. LOAD' 3400 LOS l017. STRESS RATIO' .1 ]IT. TENI.' 70 F 1I11. L0AI. 0 LOS JAIl. STAEIS RATWi. 9
FINAL TONF.' 1000 F FONA. LO AI T815 LOS FINAL STECOS RATI-. FINAL 1091. 70 1 FINAL LONt, 0 LOS FINAL 61E5 RATIO .9
NO. oF INCREMENTS I NO. OF INCREENTS 0
FINAL SIZE LT. SIRE' .3219 RT. SIDE' .2213 FINAL SIZE LT. SIDE- .246 VT. SIRE' .21:

NO. POINTS' 14 NO. POINTS. 93
PHIN NIPS PN9' .!15 KIPS R .1002"55 TEST PMO.' .25 $1 PMNN 4.142 KIPS PRA": 4.60: KIPS 3' .900043- TESI FL6..
T1NF.' 1000 F ENSINONNENT'NIE .25 Nz
SPECINENaCT 6' .5293 IN. A' 2.013 TEN?.' 100 P ENVIRONNENIAI

SPECJREN;CT 0' .495 IN. W. 2.001

opS NO. CYCLES AIREAS.) REMARkS
ONS NO. CYCLES IN(ENS.' RENARkS

1 0 .91
2 31 .952 VARIOuq IOAT rmNrNUI
3 lo5 .953 1 193903 1.038 *PNAX 4.56 RIPS PRIN' 5.06 KIPS
4 225 .955 2 195053 1.038
5 391 .95 3 195903 1.040

4 499 .9"5" b 4 1 96953 1.042
7 "1 .957 5 198253 1.043
N 582 .495 6 200177 1.044
9 A5S .95A 7 2061R9 1.01'
10 933 .951 N 214103 .061
Fl 1204 .96I 9 215453 1.06
T2 13': .961 10 217043 1.06
13 1416 .962 I 21/053 1.060
T1 1451 .966 12 216903 1.070

13 220233 1.072
14 226141 1.013
15 236203 1.096

MI. POINTS' 31 I6 239333 1.100
POOR .102 FOPS PRAS' 1.15 KIPS N' .100275 TEST PREG.' ,2 HZ I? 241033 1.102

TINF . 1010 P ENVIRON9lN1.AIP 1 244241 1.105
SPEINOIICT 1' .523 IN. 4 2.013 19 249633 1.109

20 251903 1.121
21 260941 1.125

ONS NO. CYCLES NNS., REMARLS 22 242343 1.131

23 263703 1.137

24 272265 1.145
0 12351 2 279531 1.165

2 47 I.3N6 26 260553 1.147

3 101 1.39. 27 281653 1.169
4 14 1.392 20 232333 1.170274 1.39, 29 263476 1.174

A 316 1.452 30 284353 1.175
7 353 1.406 31 265393 1.176
* 409 1.4t1 32 26603 1.111
9 676 1.441 33 291026 1.167
10 407 f.4f 34 294609 1,19
I1 746 1.459 35 295933 1.197
12 792 1.4Mb 36 297103 1.200
13 62, 1.474 37 29113 1.203
14 652 1.4R 38 299613 1.207
IS 959 I.SIO 39 300953 1.210
16 9'4 1.516 40 302103 1.212
I? 981 1.519 41 303276 ..16

I1 1 7 1.5.3 42 3048'8 1.? 0

Ii 993 1.52! 43
20 99 1.5$1
21 100$ 1.534
22 101; 1.541

23 1072 1.544
24 1046 1.551
71 folo 1 584

-2r IM 17-
27 106 t1578 ectds ASTh crai, length reuitrement

26 1614 1.590
29 106' 1.59'
30 1090 1.403
31 1094 T.4TI

1]I
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PRECRACKING CONDITIONS . .. .. . .. ..
SPEC NO. 5"1 NO. POINTS- 16

1111. TEMP.- 1000 F INIT. LOAD- 6000 LIS INIT. STRESS RATIO-.9 PMIN 7.15 KIPS PMAX 7.644 KIPS R- .9115247
FINAL TEMP.. 1000 F FINAL LOAD- 5790 LOS FINAL STRESS RATIO- .9 TEMP.- 1000 F ENVIRONMENT.AIA
NO. OF INCRENENTS I1 SPECIMEN:CT 1- .498 IN. U- 2.005
FINAL SIZE LT. SIDE- .199 RT. SIDE- .241

ODS NO. CYCLES A(AEAS.) RENARLS

NO. POINTS- 30

PHIN 7.079 KIPS PRAXs 7.965 KIPS 1- .8907633 1 0 .874

2 115 .974
TEMP.- 1000 F ENVRON ENT.AIR 3 266 .8
SPECINEN:CT 1- .498 IN. U 2.005 4 354 .81'

5 416 .8"7
6 574 .B:

085 NO. CYCLES A(NEAS.) RENARKS 7 693 .884

8 2484 .893
9 3401 .902

I 0 .816 10 3504 .904
2 W1 .016 11 3589 .90,
3 718 .814 12 3713 .905
4 925 .819 13 3824 .90
5 1007 .822 14 3899 .905
6 1239 .622 15 4376 .904
7 1425 .21 16 4776 .906
S 1910 .023
9 2729 .82610 2938 .826 NO. POINTS- 16

I1 2918 .826 PMIN 7.15 KIPS PMAX- 7.944 KIPS P. .9000503
12 3036 .928 TRI.- 1000 F ENVIRONfMENT=AI

13 3126 .628 SPECINEN:C 1- .498 IN. W- 2.005

14 3228 .62B
15 3340 .83616 3701 .840 OBS NO. CYCLES A(MEAS.) R1004I5

17 4391 .843
IN 4510 .843
19 4741 .84' 1 0 1.010

20 4961 .850 2 147 1.011

21 5027 .956 3 239 1.011

22 5170 .860 4 1430 1.020
23 5436 .863 5 1605 1.020
24 5565 .866 6 3000 1.015

25 6183 .865 7 4358 1.030
26 6853 .866 8 4569 1.038

27 7000 .866 P 4777 1.038
29 7191 .866 10 4961 1.039

29 7550 .668 11 52'9 1.040
30 7924 .867 12 5610 1.04

13 5990 1.04'
14 6134 1.04'

Is 6384 1.049
16 6680 1.052
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.RECRACKING CuNDITIONS .................................... ------. PRECRACRING CONDITIONS
1ENO. 5-2 SPEC NO. 5-3

1i1T. TEMIP.- 1345 F INIT. LOAD 5000 LOS INIT. STRESS AATIO= .5 1il. TEHF.- 70 F 0N11. LOAD. 0 LOS 1011. STRESS RATIO-.
FINAL TEMP.- 1379 F FINAL LOAW0 2500 LOS FINAL STRESS RATIO- .9 FINAL TEMP.- 70 F FINAL LOAD. 0 LIS FINAL STRESS RATIO- .5
NO. OF INCREMENTS 19 NO. OF INCRENENTS 0
FINAL SIZE LI. SIDE- .2693 RI. SID[E- 2229 FINAL SIZE LT. SIDE- .245 iT. SIDE- .201

NO. POINTS- 34 NO. POINTS. 43
PRIN 1.71 KIPS PIAX. 1.9 KIPS Rx .9 PAIN 1.5 KIPS PMAX. 3.00? KIPS R .4990334
TEMP.- 1400 F ENVIRONMENT-AIR TEMP.- 1000 F EMVIRNENT.AiR
SPECINEM:CT l. .499 IN. v. 2.009 SPECINEN:CT B- .5 IN. V- 2.001

ONS No. CYCLES A(MEAS.) REMARKS OS NO. CYCLES AiNEAS.) REMARKS

1 0 .192 VARIOUS LOAN CHANGES
2 12 .894 I 0 .857
3 25 .906 2 394 .860
4 57 .920 3 1395 .870
5 12 .936 4 2135 .075
A 109 .960 5 2170 .076 *PHAX, 3.301 KIPS PRIM. 1.650 KIPS
7 132 .973 6 2327 .170
8 140 .984 7 2715 .083
9 163 1.001 8 3025 .896
10 183 1.015 9 4269 .901
I1 198 1.020 10 4337 .902 PIMAX- 3.602 KIPS PRIN 1.015 RIPS

12 231 1.06' II 4410 .903
13 250 1.061 12 4515 .906
14 269 1.105 13 4623 .908
Is 269 1.105 14 4945 .914
16 293 1.136 15 5111 .918
17 303 1.156 16 5160 .920
Is 310 1.177 17 5299 .922
19 336 1.204 it 603? .933. ~lX- 3.926 KIPS PAIA= 1.997 KIPS
20 360 1.248 19 6995 .957
21 374 1.261 20 7085 .960
22 398 1.304 21 7197 .963
23 411 1.339 22 7307 .906
24 426 1.37: 23 7453 .970
23 434 1.403 24 8065 .901
26 447 1.430 25 8320 .909 OPXA 4.358 KIPS PIN- 2.194 KIPS
27 460 1.469 26 9187 1.027
20 472 1.510 27 9304 1.036
29 406 1.535 20 9433 1.042
30 494 1.560 29 9515 1.047
31 502 1.588 30 9599 1.052
32 512 1.614 3? 9730 ..1,059
33 52? 1.647 32 9158 1.065
34 526 1.655 33 10426 1.101

34 10576 1.115
35 10677 1.125
36 10142 1.142
37 10934 1.153
38 11441 1.027
39 11533 1.250

40 11512 t.270
41 11624 1.204
42 11663 1.304
43 11700 1.334
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PRECOACKIOG CONDITIONS

sll: N 0. 5-3
#IT1. TEMP.. 70 F 1017. LOAD- 0 LOS J1011. STRESS RATIO- .03

FINAL IENP.- 70 F FINAL LOAD- 0 LOS FINAL STRESS RATIO- .03
NE. OF INUEENOS 0
FINAL SIZE LT. SIDE- .101 RT. SID'E- .015

W~. POINTST 25
PIIIN .0, KIPS PNAX- .77 KIPS R-. .025974
10flf.. 1400 F ENVIROIPIENI.AIR
SFECIMEN:CT Itz .249 1N. W- 2

ok HO. CYCLES A(NEAS.) REMARKS

1 100 .772
1000 .773

3 1300 .773
4 1600 .774

5 1050 .7,15
6 2000 .776
? 2500 .778
0 3000 .702
9 4000 .9
10 5000 .006
Ii 6000 .822
12 8000 .850
13 10000 .890
14 12000 .93B
15 14000 .?82
16 16000 1.026
17 10000 1.0?4
Is 20000 1.130
19 22000 1.199
20 23000 1-152
21 24000 1.398
.2 24100 1.430
23 24200 ,.474
24 24300 1.492
25 24422 1.562



.E CCOADIIIO CO-IIOnS .-
SPEC N. 7-4 PRECAACKING CONDITIONS.
tol1. IEnP.. 70 F INII. LOAI- . 0 LIS III. STRESS RATIO- .1 spt IFo6 8-1
FINAL I(0., 70 f FINAL LOAD - 0 L S FINAL STRESS R 11O - .1 1l . T .. 7C l lll# . LOA0: 0 LOS l1u . S:1iSS RA lS
NI. OF INCRNENIS 0 FINAL A[MF.: 7L F FINN. LOA0. 0 LOS FINAL STRESS ATIS .
FINAL 5121 LI. SIDE- .24 I1. SIDE- .265 No. OF INC.EM(NIS 0

FINAL SIZE LT. SIDE- .26 IT. SIDE- .23

NO. POINTS* 14
PAIN .165 RIPS PxAK. 1.115 NIPS k. .0909091 NO. PON7S. 2'
l'1., 1400 F EuOO1.OuuiulR PAIN .165 KIPS PHA-. 1.015 KIPS N. .0909091
SFLCIuu:CI 0. .49l I. 61 2 ItON.- 1000 F ENWP:ONNENT.AIR

SPtCI0(h:C' 0. .503 lu. 8= 2

(ITS NO. CYCLES A8,E0A.' REC[AA3S

flS NO. CYCLES (INEAS., REMARKS

I 0 .633
2 JO .974 1 0 .)q5
3 34 .991 2 213 .795
4 40 1.046 3 4292 .001
5 45 1.092 4 5617 .003
A 50 1.14, 5 1100' .006

5 1.214 A 3].17 .006
B 60 1.?. 7 17710 .011
to 8 1.414 3301 .61
IS 8' 1.4.4 9 31173 .028
II '0 1.4t0 10 37913 .03'

11 40040 .64:
- c , e ASTO crack lengtl! 12 44615 .05

13 47214 .859
14 51346 .671
i5 5352' .806
IA 5000 .092

17 50505 .901
1I 8470, .915
19 88040 ,926
20 72444 .949

21 70257 .979
22 00690 .995
23 495 0 1.023
24 67430 1.043
25 91810 1.0'0
26 96408 1.150
27 101026 1.195
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PREC0"CKING CONDIIO-- - _ -- CACIG CO 7IONS ... --

]all. 11%F." 1200 1011. LOAD- 3400 LIS INIT. STRES5 RATIO- .1 1011. IENF.. 1400 f fall. LOAD- 3400 LIS 1011. STRESS RA110

FINAL 1EN.* 1200 F FINAL LOAD- 1900 LIS FINAL STRESS RATIO- .1 FINAL TEMP.- 1000 F FINAL LOAD- 1015 LIS FINAL STRESS kA1T0I
NO. OF INCREHENIS to No. Or INCkiamNiS I
FINAL SIZE LI. SIDE- .22A IT. SIDE- .172 FINAL SIZE LT. SIDE- .3242 IT. SIDE- .233

0. POINTS- 36 0. POINTS. 54

P0i1 .16 0 6110 011W 1.115 KIPS N .1002755 PMI0 .102 KIPS P0X0. 1.615 KIFS k- .1002755

rtir.. t200 F ENVIRONNE117ANI TEtP.- 1000 F EN0IRONAENT.AIE

SPICINIL0C7 l- .4998 10. W- 2.004 SFECINEN:Ct 1 .415 IN. V- 2.001

ots HO. CYCLE$ 0(0AS. 000A40S OsS NO. CYCLES AINEAS.) OE0ORNS

1 0 .F37 1 175
2 20 .937 2 1671 .181

3 101 .945 3 298 002

4 1f .062 4 3742 .186

5 239 .965 5 6155 .096
A 263 .966 6 7519 .102

7 309 .976 7 0703 9*3

N 346 .983 I 904? .911

9 30o .965 1 10601 .913

to 406 1.007 to 13050 .921

I1 593 1.00? I1 1411 .935
12 A61 1.006 12 14493 .935

13 706 1.012 13 16605 .944

14 930 1.012 14 3392 .904

15 172 1.030 15 299A1 1.024
16 920 1.015 16 33433 1.055

t? 957 1.057 17 3391 1.060

10 1060 1.104 to 34730 1.065
19 1114 1.135 1 35234 1.07:

20 1124 1.142 20 35460 1.076

21 1144 1.154 21 36315 1.078

22 1207 1.213 22 39133 1.106

23 1212 1.216 23 39569 1.112

24 1212 1.222 24 4024 1.119

25 12316 1.250 25 41000 1.128

26 1211 1.214 26 41715 1.130

27 12P9 1.301 27 43011 1.154

20 1296 1.309 20 45510 1.191

29 1302 1.34' 29 44307 1.204

30 1309 1.303 30 46005 1.214
31 130 1.422 31 47411 1.221

32 1326 1.453 32 47148 1.233

33 1331 1.490 33 41530 1.253

34 1335 1.547 34 49000 1.26'
1340 1.564 35 49470 1. 2?

i41 1743r exceeds ASTM crock length TOqUirament 36 49706 1.290
37 50242 1.305
30 50565 1.317

39 51140 1.350
40 51310 1.3460
41 51347 1.364
42 51515 1.374
43 51649 1.308
44 51015 1.403
45 51974 1.423

46 52052 1.439
4? 32090 1.443
40 52173 1.463
49 52230 1.471
50 52291 1.490
51 52314 1.499

52 52330 I.514
53 32363 1.532
54 52377 1.530

A 522 1.371 oexeeds ASTM crack length requircmf t
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EC..PRECRACKINO CONDITIONS ----------------------SP[CNO.|-7No. POINTS. 19

111. E1P.- 70 F IIT. LOAD- # LIS INIT. STRESS RATIO- .S PFMlN 2.085 KIPS PRAX. 4.244 KIPS R. .4012818

FINAL TEMP.- 70 F FINAL LOAD- 0 LS FINAL STRESS RATIO- .5

No. OF INCRENNTS 0 TEMP. 9000 F ENVIRONNEMT-AIR

FINAL SIZE LT. SIDE- .24P 1T. SIDE' .136 SPECINENICT R- .4945 IN. U- 2

O0S NO. CYCLES A(REAS.) REMARKS

NO. POINTS- 11
PhliM 1.310 KIPS PNAI- 2.636 KIPS R. .5

TENP.' 1000 F ENVIRONNENT'AIR 1 0 f06

SPECINECT 1' ..4945 IN. V= 2 2 4 .J06
3 51 .909
4 102 .911

OOS NO. CYCLES AI(NEAS.) RENARKS 5 365 .918
6 476 .924
7 603 .920

1 0 .B77 9 672 .929

2 7 .772 9 758 .934

3 31 .779 90 192 .937

4 5 .786 5 1!59 .939

5 625 .786 12 1311 .943

6 699 .7N6 13 1387 .952

7 730 .7809 14 1463 .956

6 s14 .?89 15 9506 .957

f 070 .790 16 1594 .962

10 971 .?90 17 1742 .967

99 1246 .791 t8 1917 .970
19 2048 .974

NO. POINTS. 16
Phl0 2.294 KIPS PNA1' 4.66 KIPS R- .491431

No. POINTS' 13 . 1 0 F O .N t
PHIN 1.753 KIPS PNAI- 3.507 KIPS N- .4998574 $PECPE. 0OF .945 IN. E A 2

TEMP.' 1000 F ENVIRONNENT'AIR
SP[CINENtCT N' .4945 IN. 1' 2 OS NO. CYCLES 6(NES.) REMARKS

os me. CYCLES A(NEAS.) REMANKS 1 0 .993

2 21 .996
1 0 .117 3 76 .997

4 920 .999

2 40 .117 5 1': 997
3 335 .923 6 533 1:0144 420 .123 7 59 1.026

5 486 .823 U 674 1.031

6 338 .125 P 766 1.035
7 673 .630 10 833 1.041

3 746 .130 11 1049 1.059

9 1436 .847 12 1151 1.065
10 1624 .853 13 1274 1.077

I 1684 .B54 14 1340 1.093

12 1721 .856 15 1446 1.098
13 1704 .9585

00. POINTS- 20
P9HIN 1.095 KIPS PNAX- 3.850 KIPS 1' .4911071

TRNP.. 1000 F ENVIRONNENT'AIR
SPCINENICT l- .4945 IN. V- 2

0s NO. CYCLES 6A(RES.) REMARKS

1 0 .60
2 46 .160
3 7 .160
4 137 .61

5 17 .062
6 327 .164
7 323 .670
3 169 .072
9 613 .173

90 60 .75
It 736 .975
12 972 .669
13 1206 .803
14 1325 .890
is 1360 .190
16 1372 .191
17 1464 .995
96 9592 .695
I9 2149 .090
20 2217 .902
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Soll NO.. 70 SF0 IN0. 9-30 O II. '
l6ll. 409F.- 70 F loll. LOAD- 0 LOS 11411. slf5S RAtIG .1 N., 741. 0F19. 107' 0 S ON.495 2

FINAL UNAP.' 70 F FINAL LOAD- 0 1IS FINAL SIRLSS R4ATIO' . FINAL, l(94.- 70 F FINAL LOAD - 0 LOS FINAL 57653 '1.
NO.OFIN(ONNTNO4. OF INCREMEMIS 0

FINAL SIZE Lt. SIDE. .257 111. SIDE- .133 FN. SZ I IE 22 D.SD'.4

NO. POINIS' 212 NO0. FOINIS'- 32

P491K .465 KIPS PleAS. 1.615 DIPS D. .090909I "I 991 KIP S P1466' 1.91315 IP k .509"()1

lEAP.' 1200 F OIRONNENT.AIR TEMP.- 1400 F EN0VIR014ENI41I

SPICIRNACi 1. .4995 IN. 11' 2 SFECIMEWSCl 0' .4M0 1IN. A- 2

oss me0. CYCES &INCAS.) RENAS 010 NO0. CYCLES A(NEAS.) REMARKLS

1 0 74 invalid precrac. 1 0 .#:3

2 ? 745 2 I00 .62'

3 443 .756 3 1340 .80

4 SUl .762 4 2004 .06

3 '03 .7A3 Is 240' .1455

o 7*9 .71 6 311a .16!

7 939 .769 7 376t 0O

* 143 .764 1 1? .0!0t
1461 .768 9to ~ .71*

t0 :272 .60 11 :94c.9
44 2406 .611 17 614 .43,
42 2600 .61? 64 .0
43 3274 .6014 ".5 .402
44 3644 .047? S 7'C .

is 412j .59'll 99
4 029 .907 16 710. 1.014

47 4341 .934 16 664' 1.002
Is 453 .943 19 qq 1.0f:
49 3048 1.020 20 95021 1.106
20 329, 4.069 21 93- 1.12'
21 5401 4.094 22 10390 1.14'
22 3967 1.014 234 10911 1.173

24 11313 1.21-
2t 1l2'1,21 _33
26 12000 1,793
.' 127 1,333

PIIEENACDIMO CONDITISONS ---- 20 17377. 1,43
SPIC No.' 9-4 ,- -2 2C X

loll, TEMP.' ?0 F INIT. LOAO 0 LOS 51451. 57141.5 R1155 .1 30 12t: f.463

FINAL TEMP.- 70 fFIPNAL LOAD' 0 LOs FINAL SIRESS 041551-' 1 31 I2XLc 1.5.13

Ne. OF INCNEENIS 0 3

FINAL SIZ0E Li. SIDE= .229 DI. Sblit .214

------------- ---- --------------------------

le0. PO1IiS;. 23.Y
PHI3 .46" IS PeS f.115 KIFS ll .09M~91

1O . 4200 F 1111.01N1E.1 AIR

0IRS No. CYCLES AtNEAS.) DENANDS

1 0 .77t
2 444 .776
3 4060 .764
4 1443 .763
3 2690 .715
6 2450 .763
7 3562 .797
6 4494 .797
9 4623 .794
Is MO4 .793

12 43660 .966
is 46273 .913
14 49060 1.005
is "03364 .046
1# 34390 1316
47 32271 4.042
46 33734 4.064
49 33403 1.015

26 36336 1.103

22 363416 4.149
23 39334 1.472



POECRACOJND CONDITIONSSPEC AD. 9-a
111T. TEAP.. 70 F 1110. LOAD 0 LOS ONI. SIkESS RATIO. .5

FINAL TEMP.. 70 F FINAL LOAD- 0 LOS FINAL STRESS RATIO- .5

"", OF INCREENTS 0

FINAL SIZE LT. SIDE- .125 ST. SIDE- .275

NO. POINTS; 49

PMIN .952 IPS PMAX. 1.9 KIPS i. .5010526

PRECRACKZG CONDITIONS ----- TEMP.: 1400 F EN0IRDNMENT-A]R

SPEC AD. y-- SPECIMEN:CT . .5 IA. 6A 1.993

1011. TENP. ' 1100 F I lT. L0AD1 4000 LOS IT. STRESS RATIO. .1

FINAL TEMP.: 1100 F FINAL LOAD IBI L S FINAL STRESS ....O. .1

NO. OF INCREMENTS 14 U3S NO. CYCLES AEMEAS.) REMARKS

FINAL SIZE LT. SIDE- .231 RT. SIDE- .262

Sinvalid precrack

2 674 .0O

NO. POINTS. 48 3 7525 .21

PIOIN .22 DIPS PI.AM 2.197 KIPS R- .1001366 4 9347 .129

TEMP. 1200 F ONVIROMEAT-.. 1 10990 .952

SPECINEN:CT 3. .499 IN. N 1.9971 7 11605 .909

A 11734 .9?

os ND. CYCLES AINENS.) REMARKS 9 11936 .93

10 01950 .945
I1 12118 .936

1 0 .003 12 02196 .96

2 247 .928 13 12299 .971

3 309 .938 14 12469 .973

4 369 .953 15 12610 .968

3 399 .958 16 12004 1.000

6 432 .945 17 12999 1.026

7 461 .971 lR 13233 1.045

5 340 .902 T9 T3345 0.059

9 676 1.019 20 ;3539 0.T78

00 698 0.024 21 13671 1.097

11 772 1.045 22 13993 0.130

12 797 1.052 23 14210 1.170

13 222 1.064 24 14279 1.172

14 043 1.069 25 14330 1.176

11 864' 1.0 
26 143 2 I.I1

16 997 1.M9S 27 14405 1.194

17 912 1.105 29 14453 1.204

1# 954 1.131 29 14496 1.213

09 900 1.150 30 0453 1.22

70 1002 0.162 30 04629 1.235

21 1032 0.196 32 14649 .245

22 1052 1.199 33 14745 1.253

23 1067 1.234 34 14794 1.262

24 !002 0.233 35 14826 1.270

25 109, 1.242 36 14669 1.291

26 1105 1.259 37 14901 1.292

27 1114 1.270 38 104965 1.307

26 0009 0.277 39 1029 1.323

29 1126 0.294 40 03090 0.341

30 1136 1.297 41 15124 1.356

it 1143 1.31 42 10193 1 .372

32 1151 1.320 43 0322R 0.387

3 1158 01.344 44 15243 1.404

34 1065 1.61 45 15313 1.426

35 1170 1.369 46 15339 1.447

36 117 1.361 47 15365 1.466

37 0062 I .391 4 0393 1.493

3: 118 1.41 49 01417 1.539
29 0093 0.426

4 1197 0.444
41 0260 1.462

42 1202 1.471

43 1205 1.460
44 1247 1.490
43 1299 1.306
4 0212 0 . 21
Ir - I" M 3r
40 1217 1.541 exceeds ASTM crack length requirement
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------ 88.RA N CODTIN0-2---- ----- 00. POINTS- 27

1111. IERP.- 1000 F 3811. LOWA) 4000 LOS 1811. STRESS RATIO- .1 P018 .386 KIPIS FKAX. 3.164 WIS 8. .0998965

FINAL TEMP.- 1000 F FIIAL LOW* 212? LS FINALI STIESS RATIO. T IEP.- 1i00 F ENU0ROWN8E8tI*IR

Mi. OF INCREMENTS 7 SPEC1E8IC7 11 .502 IN. V. 2.0067

FINAL SIZE L.T. SIDE- .142 R1. SIDE- .213

--- -- O . CYCLES 4((0(A.1 RAAAO4S

NO. POINTS- 16
PH18 .24 RIPS PK*0. 2.4 KIS 4- . I 1 0 .98

7EMP.- 1000 F C41918080141.All 2 672 .922

SPECIRENICI la .502 1. U- 2.0067 3 63 .925
4 toot .931
5 1077 .933

ass NO. CYCLES ARCEAS.) REMARN5 d 1148 .941
7 1403 .91
0 160 .980

1 2 .679 9 1940 .992

2 038 .683 10 251 1.060

3 1030 .683 11 2625 1.064

4 1426 .604 12 2646 1.073
5 1681 .687 3 24 1.6

6 2006 .688 14 2799 1.094

7 3273 .0P2 15 203K 1.104

8 4473 .693 16 2877 1.107
9 4834 .695 17 2945 1.116

1 5036 .696 18 3003 1.132

It 6351 .702 19 3046 1.143

12 6511 .703 20 3084 1.150

13 6766 .705 21 3207 1.177

14 7055 .705 22 3252 1.14
15 7173 .705 23 3419 1.247

16 7257 .705 24 3454 1.272
25 34PO 1.294
26 3540 1.337
27 3555 1.37t

NO. POINTS- 14
PM18 .264 KIPS PM60. 2.64 X]PS R= J1
TEMP.- 1000 F EAI.'3080sAIO
SPECIROE:CI 1- .502 I. U" 2.0067

OSS No. CYCLES AUREAS.) REMARKS

1 0 .705
2 662 .709
3 970 .711
4 1099 .712
S 1389 .715
6 1484 .717
7 1509 .718
8 1890 .718
9 1982 .720
10 2776 .724
II 2934 .727
12 3209 .729
13 3323 .729
14 3469 .729

NO. P01TS 17
Pill" .35130 KiPS PNAX, 3.5138 KIPS R. .1
TEMP.. 1000 F ENVIRONMENT-AIR
SPECIM(NiCT 1" .502 IN, 9- 2.0067

0oS NO. CYCLES 818EAS.) REMARK5

1 0 .747
2 697 .766
3 905 .773
4 971 .774
5 1309 .780
6 1465 .781
7 135# .714
8 1725 .717
9 4315 .852

18 4376 .454
I1 4470 .854
12 4543 .860
13 4674 .863
14 4740 .866
15 4011 .366
16 5013 .874
17 5439 .085
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S---------3 PRECRACKR0 CONDITIONS ------------ NO. POINIS. 8 2.417 KIPS R. .0910219
11I1. 1011 0 II. LOAD- 0 LOS ITI. STRESS RATIO- .1 TEMP.. 1000 F ENVIRONNENT.AIA
FINAL TEOP.* 7 F FINAL LOAD- 0 LIS FINAL STRESS RATIO-. 1 SPECIMNOC6 1- .9 IN. U-
NC. OF INCRIMINTS I
FINAL SIZE LT. SIDE- .242 al. SIDE- .259

-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- - I NO. CYCLES ACOCASI1 RENARS

NO. POINTIS. 27 6 0 .960
P"lIN .165 KIPS PM63. 1.151 KIPS R. .089141 2 207 .971
hOmP.. 6900 F EOOIRONNEN6.AIR 3 090 .970
SPECINEM:CT 1. .490 IN. 0. 2 4 1220 .902

5 1669 .907

6 2634 1.000035 No. CYCLES AIOEAS.) RENARKS 7 3073 1.007
O 3562 1.013

1 0 .126
2 250 .127 NO. POINIS* 9
3 2650 .020 PHIN .242 RIPS PMAX. 2.659 KIPS II. .0910117
4 4509 .834TEP-10F VROMNAI

6 3454 .0367(9.60 CIIO9N.I

0 0343 .041 035 No0. CYCLES A(NERS.) RENARKS
9 60027 .14a
60 10940 .050
66 11001 .052 6 0 1.017
12 13134 .854 2 360 1.021
13 63710 .056 3 967 1.031
14 15274 .066 4 6362 1.039
15 16700 .063 3 6030 1.052
66 60044 .069 6 2313 6.063
67 IM95 .071 7 3624 1.107
60 20462 .073 0 5431 1.104
69 26219 .676 9 6352 6.25',
20 26720 .079
26 22033 .801
22 22903 .002
23 23760 .804
24 24681 .007
25 25604 .090
26 2097f Ofs
27 27601 .097

Na. POINTS- 6
P"lIN .182 RIPS PNAX' 6.997 KIPS R. .0911367
7EMP.- 6000 F EOVIROONENT.AIR
SPECINENsET 1' .491 IN. V' 2

SSNo. CYCLES 0IOEAS.1 REPARKS

1 0 .900
2 706 .902
3 1052 .903
4 1629 .907
5 230 .912

6 3092 .962

No. POINTS- 9
PHIN .2 RIPS PNA1. 2.69 RIPS 0- .0910332
7tMP.- 6000 F WOIRONMENT.AI
SPECIMEPICT B0 .4901. N. 2

005 No. EYCLES AIMEAS.) NERArk.S

1 0 .965
2 427 .91f
3 6204 .923
4 3640 .f3t
5 4116 .949
6 4309 .949
7 5060 .953
0 5914 .963
9 6523 .9&5
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----PRECRACKINE, CONDITIONS .........- PRECRCRONG CONDITIONS
SPEC NO. 90-6.. . . . . . . . .

1*1I. TEMP.- 1100 F INIT. LOAD- 4900 LIS TNIT. STRESS RATIO- .9 INIT. OCOP.. 70 F 1N11. LOAI'- 0 LIS INIT. STRESS kATI0z .1
FINAL TEMP.- 1100 F FINAL LOAD- 3700 LIS FINAL STRESS RATIO. .9 FINAL TEMP.. 70 F FINAL LOAD- 0 LIS FINAL STRESS RATIO- .1
NO. OF INCREMENTS 6 NO. OF INCRENENTS 0
FINAL SIZE LT. SIDE- .2291 RI. SIDE- .1939 FINAL SIZE LI. SIDE- .237 It. SIDE- .2U5

NO. POINTS. 42 NO. POINTS.
PIIIN 2.831 KIP'S PNIAO. 3.145 KIR'S N- .5001,95) 6 IS MX .T IP . .9f

TEM.- 200F EIVIDNMNT-IRTERP. 1000 F ENVIRDNNENT.AINSPECINEN:CT 1- .499 IN. Am 2.014 SFECINEN:CT 1-. 4*965 IN. W- 2

oos NO. CYCLES NINEAS.) REMARKS 0s5 NI. CYCLES NINEAS.) RENARKS

1 0 .775 9 0 .796
2 31 .775 2 4470 .752
3 954 .705 3 16152 .822
4 221 .790 4 30500 .915
5 344 .001 5 4N140 .97N
6 391 Bit1 6 40870 1.078
7 465 .019 7 6)972 1.163
N 515 .029
9 592 .039
I0 662 .043
IT A92 .046 PERCIOCNIIN
12 793 .861 - - - - R C A K N O D T O S. . . . . . . . . . .

1 6 .90INIT. 1EN1., 70 F IN07. LOAD. 0 LIS INII. STRESS RATIO- .914 922 .173 FINAL TEN1.. 70 F FINAL LOAD. 0 LIS FINAL STRESS RATIO- .915 970 .077 NI. OF INCREMENTS 0
IA 1094 .893 FfKA. SIZE LT. SIDE. .2-4 ft. SIE- .247
17 1T7A .900

------------------------------------- -------- -------- ---------------------------- --------
IN 923 .917

20 1373 .922 NO0. POINTS: 25
21 1493 .937 P9114 1.366 P1U0 PNAX= 1.54 RIPS R- .9 TEST FRED.- .25 NZ
22 1571 .953 TEMP'.- 1400 F ENVIRONNENT-AIA
23 9644 .975 SPECINENCT D- .496 IN. A- 2.0045
24 1724 .990
25 1900 1.012
26 2016 1.036 0D" NO. CYCLES NINOAS.) RENARKS4
27 2090 1.050
20 2195 1.064
29 2244 1.076 I 0 .799
30 2311 1.001 2 7 .807
31 2376 1.005 3 t0 .026
32 2420 1.097 4 24 .032
33 2404 I.112 5 29 .N39
34 2561 1.120 A 35 .140
35 2636 1.133 7 41 .065
36 2720 1.152 N 47 .00
37 2967 1.193 9 se .091,
30 3247 1.293 10 64 .929
39 3276 1.297 it 70 .?4?
40 3127 1.326 1, 74 .969
41 3359 1.340 13 70 .966
42 3493 ?.302 14 0., 1.00'

IS 06 1.034
16 90 1.0A3
17 94 1.087
10 90 1.121
19 1021 1.162
20 106 1.204
21 1 to 1.26c,
22 111 1.361
23 120 1.433
74 I'll 1.544
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-------- PIECRICKING CONDIIIONS ......... .P.CRACIG CONDITIONS
SPEC NO. I11SPEC NO. !1-2

SlT. TINT.. 1200 F INIT. LOAD- 5000 LOS IIT. STRESS RATIO- .5 Il YENP. 2000 F INIT. LOAD. 5000 LOS INIT. STRESS IAIIO.
FINAL TEA, 9200 F FINAL LOAD- 2102 LOS FINAL STRESS RATIO- .5 FINAL TE FP. 000 F FINAL LOAD. 4 00 LOS FINAL STRESS RAT0 .
No. OF INCREMENIS 15 NO. OF INCI(ETS I
FINAL SIZE LI. SIDI- .225 IT. SIDE- .253 FINAL SZE LT. SIRE. .208 AT. SIDE. .1925

4. POINTS. 46 NO. POINTS. 36
PAIN 1.051 RIPS PNAX. 2.102 KIPS A- .5 PAIN 4.5 KIPS PMAX. 5 KIPS R. .9
TEMP.- 1200 F ENVIROKAEN7TAIk TEMP.- 1000 F ENVIROARENT7AIR
SPECfNEN:CT l- .4997 IN. U- 2 SPECIMEN:CT 1. .499 IN. W- 1.992

oss No. CYCLES A(EAS.) RERARKS ORS NO. CYCLES A2NEAS.) RONAA$$

1 0 .810 I 0 .905
2 300 .12 2 916 .905
3 600 .624 3 2752 .907
4 2000 .035 4 3319 .907
5 4207 .642 5 9400 .916
6 4997 .647 A 1563 .917
7 5347 .853 7 f6220 .91

.6066 .656 6 16627 .919
9 6594 .62 9 17034 .929
10 16042 1.004 20 10029 .919
11 16A31 1.014 ;0 16463 .921
12 17221 1.020 12 19196 .924
13 17681 1.035 23 19902 .926
14 1784 1.037 24 21794 .931
15 1N144 1.040 1 2519 .944
16 19400 1.049 16 25290 .947
17 98676 1.056 17 26326 .950
IR 30040 1,22 *EXTENDING CRACK INCREASE TO 150 CPA 96 26803 .952
99 38022 1.189 19 2712 .94
20 36252 1.196 20 27544 .95.
21 36264 1.204 212 27655 .957
22 38510 1.2122 2 28 2672 .966
23 30670 1.220 23 29320 .973
24 36774 1.226 24 30627 .974
25 39133 1.243 25 31154 .976
26 39302 1.255 26 36712 .909
27 39459 1.266 27 43435 1.000
28 39694 2.217 28 44000 1.002
29 39796 1.294 29 44454 1.003
30 39670 1.304 30 45100 1.004
31 39950 1.313 31 45692 1.005
32 40050 1.325 32 4610 .006
33 40204 9.332 33 46643 1.006
34 40209 1.350 34 47609 1.009
35 46214 1.361 35 40471 1.012
36 40269 t.375 36 46967 1.012
37 40432 1.383
38 40482 1.391

46 40570 1.40 NO. POINTS. 14
40 4.693 1.429 P119 4.5 RIPS PAN. 5 KIPS R .9
41 40760 1.449 lEAP.. 1000 F ENSIRONNE(H.AIR

42 40020 1.460 SPECIENSCT 6. .499 IN . v 1.99
45 4070 1.472
44 4A916 1.463

45 40967 1.502 000 No. CYCLES A(NEAS.) REMARKS

1" 41008 1.516
4104i' f"l3f

46 41107 1.559 axceeds ASTI crack length requlrement 1 0 1.057
2 10050 1.061
3 95750 2.064
4 27600 1.063
5 43400 1.072
6 57100 1.076
7 70502 1.073
6 70951 1.017
9 67946 1.091
10 94619 1.095

I1 99642 :.097
22 902962 9.099
13 232300 2.226
14 143948 9.22

NO. POINTS 12

P6]6 4.5 RIPS fOAT. 5 KIPS R. .9
lEaP.. 1000 F ENVIRONE6A[1 ,IR
SPECI[NECT 8. .499 IN . 1.992

111 NO. CYCLES AiREAS.) REMARIS

1 0 1.122 7 2372 1.131
2 193 1.122 6 6154 1.151
3 476 1.122 9 6601 1.154
4 609 9.922 10 14905 1.275

9 353 1.123 11 AY 1.764
A 9636 1.126
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PO(Ck*CKIZA CONVII D0MS - .. .. .. .. ... .. .. .. ... .. . . .. .. PkECRACKING CONDITIONSSPEC NO. 11-4 SPEC NO. 11-S

1ll1. IEMP., 1200 F INII. LOAD 2600 LOS lII. SIESS kATTOz .1 lull. TEMP., 1000 F II1. LOAD- 4000 LOS Ilul. STRESS RATIO. .9

FINAL TENP.- 1200 F FINAL LOWN0 1015 LOS FINAL STRESS RATIO- FINAL IEIF.- 1000 F FINAL LOAD 2100 LOS FINAL STRESS RATIo-

NO. OF INCREMENIS 12 NO. OF INCREENTES 24

FINAL SIZE LI. SIDE- .125 RT. SIOE- .203 FINAL SIZE LIT. SIDEn .24' RT. SlOE- .2

MO. POINTS- 27

P IN .182 KIPS PNAX- :.215 KIPS R. .1002755

TEMP.- 1400 F EN9VIONENT.Alk NO. OINTS- 29

SPECI0CM#ICI 1. .4094 IN. U. 1.99 Ir.I .:66 KIPS PRAX. 2.662 KIPS R9 .0999249
TE4F.- 1200 F ENYIPONKENTAIR
SiECIEN:CT t- .5 IN. V- 1.992

os MO. CYCLES AINEAS.) REMARKS

0PS No. CYCLES A(NEAS.) ENARKS

0 .720
2 2400 .231

3 4950 .739 1 0 .099

4 7350 .756 2 132 .903

3 9750 .76? 3 " 43' .910 to 4681 1.037

A 12000 .776 4 593 .912 19 476: 1.041

7 14700 .00 5 1364 .928 20 4073 1.040

a 11150 .021 6 1615 .933 21 5000 1.059

9 20850 .839 7 1973 .9138 22 5500 1.009

10 25050 .871 0 2044 .946 23 6000 1.124

11 9250 .909 9 2210 .950 24 4500 1.169

12 33450 .946 10 2310 .952 25 7000 1.224

13 )8250 .997 11 2591 .961 26 7250 1.259

14 41100 1.040 f: 2746 .968 27 7500 1.324

15 42600 1.073 13 3500 .904 2. __.?7L.. .
0

4..

1& 4500 1.101 14 3694 .991 29 7037 1.565

17 44600 I. .0 t5 3904 .990

to 47100 1.174 16 430 1.009 exceeds ASr crack length requirement
19 47850 1.195 1? 4361 1.004

20 49350 1.224
21 50100 1.251

22 lso 1.281
23 51600 1.342

24 52316 1.391

25 52650 1.440.U 521181 .ISS

27 5291,6 1.6 exceeds ASTM crack length requirement

12 1L



APPENDIX C

," " -]' I;: T ,(',T-fI , -"

TPT4 4 t -
...- T-.i ,+T 1 . F-

+4 4-

' -_-:T ':, - - .. C7 Cj

!. 3 I F UE, '--,T. - 4. 5Z .'. 7 -4 5
170~ Yl S A: I--I C, -T PI T + P7 4

NJ TT

It- TF(E 'T 491 - a:T
":',3 i :, * 4 I-CI5' "*:i TFT& J +'

!7 U 4FC4 TT, Z.-*
(, '- T r.. A, I T

--P- T 4 .-E'7--;

T 4 ,:_T C ' ,T_ ... " '1- T =-..

". ~ ~ ~ ~ !, -Ciri !,+C

l 7 - T i. 7t 1

,~~ ~ ~ ~ -...4 , ; r: Z ' H T,7 1 , : - 1f¢ (.1 C,, ,I ji +' Z.:. , , -' ." -

0 ,~4

j-- : ? _ " Z, ' -,- h - ' :,5

i ' Tr ( 3 -I ',. 7 -. i, .- I

1 7,5 - -v

1i j I-P 4 -4 ,A~ #*E 9/( -

1-7-' I-, T.F(iT.',7,'i . . . . . . ......•....t -R =-.,.7-., . ...........-- -,:,. v---. .!-:

- "2,"T : i' +~ q ":- '-~ -4_I.4 1 ( 4 ;2: .:

-17

";~~~~r 1,7i, :'T_,+

HA 1T jC..I rp ;,

- . -+r, (_. , i4',. V(.. .- .. U.I A- i - , " ,3 :-"C ' '''.:,+
" .- '' :-"+ .

-.. 7.1..:* ** ,.-Tt-gg_ - LU;h-;*. .21..*7-. . C - ; ,

L -4 L 5 .-F L ',", Tht- f;,l . 7-7

SAr , C,, 7: --y U, 4, =

.- L, 4 -"L 7 - ., 7'- 'h I .6I. " , ) f!'P ' -,-N. . '. ,-12-

.'=, -.: ( I' C 4E ' IN ( -  ";N:,: .>fk CT. .-- i':., I lc-C-_. :Ttpr'
i-a -"' - "- -L12

. -, ". - .' "



-- ~ ---

7- T'R P :.0 jCF --. . . _ .7

.'k6_.:")r-T'j =9 :', - - 4i* ( T- * -,:;-/i** 9 .. =47

-'-fr C - 4 7

.U jT T, I -
> ";" " IE ?' I O1 **A.*J.-.L \ *4 '4

A 1227 1 1R

T. P R- IVNE , C ).

TTEMP=T
7 (T. CT. ! iTT;-, =i- i:-

4 E= 1, 55E-s4iZ* ( TT -- tZ$@i * ILC i(U '- 5 5' * .
I F E.LT.,E =

7 ._ 7 -- T Ci"a

7!'4- AVT=A -=.. c[ _T , -,

"vTHT=AQ)T*BVT* ' i T -i
S.', ,,= q, j ,i V

/7_6 ~~ F= P:R : '.LT, UP, =,,. ;,:

' I '

? -:._: " L ' 5 :2_:: + 4 23E - i-, - ;
-F (ALFHA.GT.4 7 . = 7

* , 7- -A = . .- - . . . ,

{C4L44 i T -

" ' ' Q = -4 C v .V T s- -.

44
--- -7

7-- ,A _

7_ i -- T,7 .."'7-1;-: /- 7 - 7 : ' - . -. . ,- :';
.- ,5T , c ° "= ..- 5 " - ;-7 7 -' , 7i* 7 -. , .. . . .

4 -

-. - :, = - , , " + - .- - - "-

M.~ 4 X (-F, L1 Z A~i -

" . " - :' 
} 

'-, . . . . - " - F -

7- - IFa', ;r*.T Iv4-.Yj:T.' 126 ":. ia:.-,

- - - ;T -= ...

:" -,: ]:',2T : ."7,5 T +E: V T
-7 ., =^V-r+RV-* - ,. ,, T. {

: ~ ~~~~~~ r, F r ,."": -

1I26



RD Et Y~n. CGCdc R T r Ft *QC $ L

L F ALOC; DNY IJ*tALi IC i r ir )i 4 ,- -F1*A f(4 DC fC i X c
4~~~j4~ At-F (' LJO ('IELK) -- tlt.C -

PR-I NT 40C1.S. P., , K. Xi.' 4DNi. Dflrr.
4 PRINT 41!TRa')kT

61h4i OR M AT(A.t 2 X- 4 P

sTI'END

127



DIMN IN it T 1i n M .i''4 '11'I Ah T ~ ~Q
It i ~ ~~~~~~~~ IrI~ I /NFiI T' '-1~i ri iw 5 -hi

* ~ I R1N T. i't T :H'INJ~ j
14.nrN .IFT -P E I 11~ E .,iT 'i

i-a F'RINTIN~T T JT T4ai . NIo r.
PI RI NT T IlC aik ...A 1 ; T- Pi C-. Tzi~rJ

:.. r-. J ..-

: 7 l

NIT IN$ UE

LI i' 4 *

X =Au L ';

PtV w4 =-At W4

F1.

iT

128



I  +

I F, 1 L T

Y , . .i T

A DN I4 1F. =+:i 7O r

<-,7!; IF(!T T 5'- O TO '!

7 , 'j; ..

7 I F! N T C J Tk "7-. i,-T .-" 7@=S -F2

. A i i F:
7:-:A DADNU( ) I it.

7-. .. N r . ..

T T " i i T. T -

k, : , W G C1 T'
7 S 0 = - * U ' 1 -.: ..* ' ( W 4 1 ( .I -. .+

-- ~ - . e i: : :T ;* ( GF; -

::; ! 5 . 'O T 114 E

.0_:. .... 1 . 5, T W':-

'::,l k:1 :, E + N

129
OU.S.Government Printing Office: 1980 757 00;1.248

2L _ . .. . . - ,, ' ". _- . . .." 'L_ -. L -2 T ~ -__L_22.. X T ;. -C £ 
-

,. . ..


